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For high groundwater table areas, stormwater wet detention ponds are utilized as the preferred 
stormwater management throughout the state of Florida.  Previous research has found that 
accumulations of nutrients, algae, heavy metals, pesticides, chlorophyll a, fecal coliform bacteria 
and low concentrations of dissolved oxygen (DO) are common characteristics of stormwater wet 
detention ponds.  Although these pollutant levels are not regulated within the ponds, states are 
required to compute the pollutant load reductions through total maximum daily load (TMDL) 
programs to meet the water quality requirements addressed by the Clean Water Act (CWA).  In 
this study, field sampling data of stormwater ponds throughout Florida are presented to identify 
concentration levels of the main contaminants of concern in the discharge of wet detention 
ponds. Sampling was done to identify possible sources, in addition to possible removal 
mechanisms via the use of specific sorption media.  Nutrients were found as a main problematic 
pollutant, of which orthophosphate, total phosphorus, ammonia, nitrate, and total nitrogen were 
targeted whereas heavy metals exhibited minor concerns. Accumulation of high nutrient 
concentrations may be mitigated by the adoption of best management practices (BMPs) utilizing 
biosorption activated media (BAM) to remove phosphorus and nitrogen species through 
physical, chemical, and biological processes. This study aims to increase overall scientific 
understanding of phosphorus removal dynamics in sorption media systems via Langmuir and 
Freundlich isotherms and column studies. The removal of phosphorus (P) was proven effective 
primarily through chemophysical processes. The maximum orthophosphate adsorption capacities 
were determined under varying conditions of the media within the columns, which were found 
up to 0.000534 mg-P adsorbed per gram BAM with influent concentrations of 1 mg∙L
-1
 
orthophosphate in distilled water and 1 hour hydraulic residence time (HRT).  When using 
iv 
 
spiked pond water under the same conditions, the adsorption capacity was increased about 30 
times to 0.01507 mg-P∙g
-1
 BAM presumably due to the properties and concentrations of ions 
affecting the diffusion rate regulating the surface orthophosphate reactions.  These equilibrium 
media uptake values (q) were used to calculate the life expectancies of the media under varying 
HRT and influent concentrations of treatment.  Chemophysical and biological removal 
capabilities of the media for total nitrogen, ammonia, and nitrate were effective in columns using 
1100 g of BAM.  In flow-through column conditions, ammonia had a consistent ~95% removal 
while effluent nitrate concentrations were highly variable due to the simultaneous nitrification-
denitrification processes once an aerobic-anaerobic environment was established. Batch column 
experiments simulating no-flow conditions within a media bed reactor resulted in orthophosphate 
removals comparable with the continuous flow conditions, increased total phosphorus effluents 
indicative of chemical precipitation of orthophosphate, decreased ammonia removal, and 
increased nitrate removal. Due to a biofilm’s sensitivity to even low copper concentrations and 
accumulation in ponds, a copper sorption media mix of “green” materials was generated. 
Freundlich and Langmuir isotherm tests concluded a successful mix resulting in copper removal 
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CHAPTER 1: INTRODUCTION 
 
1.1 Concerns of Excess Nutrient Inputs 
 
 Nutrient loadings in stormwater runoff, particularly phosphorus and nitrogen species, are 
a major concern throughout Florida and are the most common surface water impairment in the 
State (EPA, 1998).   High nutrient concentrations in freshwater bodies can pose a threat to 
human health, as well as disrupt the functions of natural ecosystems leading to an increase in 
public health risks.  In freshwater systems, phosphorus is typically the primary limiting nutrient 
for algal and plant growth.  When excess of the limiting nutrient from sources such as fertilizer 
enters surface waters, eutrophication typically results.  The algal blooms caused by excess 
phosphorus levels may lead to increased algal toxin concentrations and decreased dissolved 
oxygen levels, creating more ecosystem devastation.   
 Excessive inputs of nitrogen species are also detrimental to many freshwater systems.  
For example, ammonia and nitrates in stormwater runoff may be the result of fertilized land’s 
runoff and roadway’s vehicular exhaust (Vitousek et al., 1997; German, 1989).    Fish 
mortality, health, and reproduction may be threatened by ammonia concentrations as low as 0.1-
10 mg∙L
-1
 ammonia (USEPA, 1993).   Nitrates, which are more toxic than nitrites, also pose a 
threat to human health being capable of binding with hemoglobin in infant’s red blood cells, 
causing oxygen deficiency known as methemoglobinemia, or ‘blue baby syndrome” (WEF, 
2005).  Chapter 2 of this thesis serves to identify the primary pollutants in selected stormwater 
detention ponds is different regions of the state.  Six ponds were chosen through the state of 
Florida to analyze and assess those pollutant concentrations which posing the largest risk.   
2 
 
1.2  Implications of Sorption Media 
 The frequently changing regulations of stormwater pollutants are governed under the 
United States Clean Water Act (CWA) and the subsequent National Pollutant Discharge 
Elimination System (NPDES) permit program requiring that all states implement guidelines to 
regulate pollutant mass loading of stormwater prior to its discharge into receiving water bodies 
(White and Boswell, 2006).  Biofiltration processes have been gaining popularity over other 
physiochemical processes because of their cost-effectiveness.  Sorption media may improve 
solid-liquid contact and prevent channeling by physicochemical processes such as adsorption and 
ion exchange (Wanielista and Chang, 2008).  Nutrients from the stormwater pond entering a 
large surface water body may be removed using the physiochemical and biological properties of 
the media. Physiochemical removal processes of the media may be achieved via adsorption and 
chemical precipitation.  Recently, biological removal processes have been more frequently 
utilized in stormwater management because of their cost-effectiveness. The media could 
ultimately be used in several applications in stormwater management including installation in a 
stormwater baffle box, rain garden, bioswales, bioinfiltration ponds, and infiltration traffic 
islands.  
 Biological nitrification and denitrification is a process widely used for nitrifying 
ammonia to nitrite and nitrate, and denitrifying to nitrogen gas.  The presence of organic carbon, 
high nutrient concentrations, and sequential aerobic-anoxic environments, creates favorable 
growth conditions for the microorganisms involved in these processes.  These conditions are 
likely to establish a biofilm on the surface of the sorption media which will provide additional N 
removal by the conversion of NH3 to N2 or NH4 through the process of dissimilatory nitrate 
(NO3
-
) reduction, denitrification, and the often overlooked dissimilatory NO3
-
 reduction to 
3 
 
ammonium (DNRA).  In soil, DNRA occur under more anoxic (reducing) conditions by bacteria 
and fungi, but the C/ NO3
-
 ratio concluded that C was a more important regulating factor than O2 
in separating NO3
-
 between denitrification and DNRA (Rutting et al., 2011).   
 Phosphorus removal by BAM is accomplished through physiochemical and biological 
processes.  Physical properties of the sorption media allow processes of adsorption and 
attachment to be achieved via surface interaction forces due to the electric double layer, London-
van der Waals forces, hydration of ions at surfaces, the steric interactions of adsorbed 
macromolecules, and the interaction of hydrophobic surfaces (Tobiason and O'Melia, 1988). 
Additional chemical phosphate precipitation processes are followed by the filtration of larger 
particle bound or precipitated phosphate forms which may be removed by the media via 
sedimentation, straining, and depth filtration (Crittenden, 2005).  
 Following the establishment of a biofilm, biosorption of nutrients onto the cellular 
surfaces of the biomass or biofilm may occur as a metabolically passive process that requires no 
energy input from the cells until equilibrium is reached (Chojnacka, 2010). Biological removal 
of phosphorus is mostly accomplished through the use of phosphorus-accumulating organisms 
(PAOs), which accumulate phosphorus stored as polyphosphates in their cells at a DO 
concentration around 1 mg∙L
-1
 (WEF, 2005).  The design of the media removal structures, such 
as a baffle box, plays a large role in biological removal efficiencies because an aerobic/anoxic 
system supporting N removal does not support biological P removal. Therefore the last stage 
should be aerobic with a sufficient retention time for phosphorus uptake with an anaerobic 





1.3 Research Objectives  
 The research efforts of this study are to investigate the physiochemical characteristics of 
the media mixes with respect to pollutant adsorption, and then investigate the effects of 
biological colonization of the BAM.  Scientific questions of this study include: 1.) What are the 
target pollutants in problematic detention ponds identified by the Florida Department of 
Transportation (FDOT), the main sources of these pollutants, their detrimental effects, and 
possible remediation strategies (Chapter 2)? 2.) What is the copper adsorption/absorption 
capacity of the proposed copper sorption media mix given the changing hydraulic residence 
times (HRT) and influent concentrations of copper (Chapter3)? 3.) What is the orthophosphate 
sorption capacity of BAM media with a varying orthophosphate solution using distilled water 
and how is the capacity impacted by changing HRT and orthophosphate influent concentrations 
(Chapter 4)? Furthermore, does the adsorption capacity vary when using spiked pond water 
(Chapter 5)? 4.) Is orthophosphate removal enhanced within a column via using spiked pond 
water (Chapter 5)? 5.) How do these nutrient removal efficiencies differ when the media column 
is saturated under no-flow conditions (Chapter 5)? 6.) How can these values derived from the 
column experiments affect the life expectancy of BAM (Chapter 6)?  Our hypotheses in this 
study are that 1.) Copper mix 1 will perform better than Copper Mix 2 due to the inclusion of tire 
chip; 2.) BAM mix 2 will perform better than BAM mix 1 due to the inclusion of more tire 
crumb and expanded clay; 3.) Chemophysical orthophosphate removal will be evidenced by the 
inclusion of the pond water due to the presence of increased ions and cations, primarily calcium.  
These science questions and hypotheses are further addressed in each individual chapter.  
 With these proposed scientific and applied questions, the objectives of this study are to: 
1.) Identify those pollutants in stormwater ponds causing the largest threat to ecologic and 
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human health 2.) Determine an efficient copper sorption media mix to be composed of renewable 
materials via a systematic literature review; 3.) Conduct phosphorus and copper adsorption 
isotherm tests to estimate the mass absorbent removed per gram media in the absorbent 
concentration range the media will operate in (Chapters 3 and 4). This will be the preliminary 
part of the formula; 4.) Determine the orthophosphate sorption breakthrough by conducting flow-
through column tests varying the flow rate and influent phosphorus solution concentration 
(Chapter 4); 5.) Perform an additional column tests using spiked pond water to determine the 
total phosphorus, orthophosphate, total nitrogen, ammonia, nitrate, and nitrite removal (Chapter 
5); 6.) Further investigate the biological nutrient removal using Scanning Electron Microscopy 
(SEM) (Chapter 5); and 6.) Develop a method of estimating the media’s life expectancy and 






Figure 1.1. Outline of Thesis Testing 
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1.4  Limitations  
 
 The limitations of this research are related to the climate conditions in central Florida and 
the physical set up of the column tests.  Although the experiments were conducted in steady 
temperatures of 20-22°C, variation in temperature occurs in nature which may affect the 
adsorption and biological removal rates.  The pond water used from University of Central 
Florida’s pond H-2 was used to represent elements in all pond water, but these concentrations 
vary for each pond depending on characteristics of its watershed including geology, soil type, 
human influence and activities, and land cover.  
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CHAPTER 2: BASELINE INFORMATION AND SOURCE TRACKING OF 




 Detention and retention ponds are the most commonly utilized stormwater management 
practice due to the elevated water table throughout most of the state of Florida.  Stormwater 
ponds are designed to reduce flooding and treat pollutants before infiltrating into groundwater or 
discharging into receiving water bodies, however water quality within the pond and treatment 
effectiveness of these pollutants is not clear.  Accumulations of nutrients, trash and debris, 
pesticides, chlorophyll a, fecal coliform bacteria, and concentrations of low dissolved oxygen 
(DO) are some of the common characteristics of stormwater ponds.   Although these ponds are 
used as treatment systems, ponds attract people and wildlife, so investigating their state of water 
quality is necessary to reduce any human and ecological risk.  
 The chemical composition of a stormwater pond may be highly influenced by 
characteristics of its watershed area, such as land use, traffic volume, and percent impervious 
cover. Impervious surfaces have long been implicated in the decline of stormwater quality and 
increase of flooding in urban areas.  As a country’s transportation system expands, excess 
anthropogenic pollutants, such as heavy metals, nutrients, fecal indicator bacteria, and organic 
chemicals (including pesticides and insecticides) are carried by increased urban runoff, which 
cause damaging physical, chemical, and biological effects on receiving water bodies.  Common 
pollutants in stormwater detention ponds include a collection of organic and inorganic 
compounds with varying ranges of toxicity and detrimental capabilities to the surrounding 
environment.  These pollutants may include elevated levels of heavy metals, hydrocarbons, fecal 
coliforms, nutrients, and sedimentation of particulates (EPA, 1993).   
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 These concentrations of pollutants in the United States are addressed by the Clean Water 
Act (CWA) and the subsequent National Pollutant Discharge Elimination (NPDES) permits.  
The CWA requires that all states implement guidelines to regulate pollutant mass loading of 
stormwater prior to its discharge into receiving water bodies (White and Boswell, 2006).   These 
water quality standards are used as target concentrations to protect surface waters, including 
streams, rivers, lakes, and reservoirs to protect the public’s health and welfare, enhance the 
quality of the water, and serve the purposes of the CWA.  These standards are particularly 
important for the surface water’s protection of their beneficial uses such as drinking water, cold 
water fisheries, industrial water supply, recreation, and agricultural water supply.  
 States are required to compute the pollutant discharge mass loading through the total 
maximum daily load (TMDL), which is the total amount of a pollutant a water body and receive 
on a daily basis to meet the water quality standards. TMDL limits typically exist for larger 
bodies of water, such as lakes and streams, into which stormwater ponds may discharge to, but 
not all are required to have limits.  Investigating the pollutant sources and loads into stormwater 
detention ponds is necessary to identify and mitigate pollutant loads to achieve TMDLs into 
receiving surface waters.  Considering that stormwater may contain significant levels of 
pollutants about which regulations have been somewhat ambiguous, and that percolation into 
groundwater has been deliberately enhanced by the ponds soil permeability, groundwater 
systems beneath detention ponds could also pose a threat to groundwater systems.  In this study, 
data from field sampling of stormwater ponds throughout Florida conducted in the spring and fall 
are presented to identify characteristics of the main contaminants in stormwater detention ponds 
and any health threats they may pose.  Based on the visual evidence of eutrophication by algal 
covering or thick littoral vegetation in many of the ponds, it is hypothesized that concentrations 
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of nutrients (SRP, TP, TN, NH3, NOx) will be elevated with respect to national runoff averages 
and those concentrations are expected to cause eutrophication.  Furthermore, high concentrations 
of the other pollutants investigated, such as metals and PAH, may not be readily apparent until 
chemical analysis has been performed on the samples. 
Science Questions What are the main pollutants in selected highway stormwater detention ponds 
in Florida and what are their sources? What kind of risk to these pollutant concentrations pose on 
human health? 
2.1.1 Chapter Objectives 
 Identify major pollutants in 6 stormwater detention ponds throughout Florida.  
 Identify the major input source of these pollutants 
 Compare these pollutant levels regionally, nationally, and globally 
 Identify any public health risk these contaminant levels pose. 
 
2.2  Methodology 
 
 Six representative wet detention ponds were selected throughout the state of Florida 
(Figure 2.1). Each pond was located in a different city in Florida including: Zolfo Springs, 
Gainesville, East Palatka, Orlando, Clearwater, and Ruskin (Table 2.1).  Collectively, these 
ponds had issues related to the maintenance practices for stormwater runoff including: littoral 
zone vegetation, algal bloom control, agricultural runoff potentially containing pesticides and 
nutrients, and sediment accumulation.  Water and sediment quality data were collected at the end 
of the dry season (May 28-June 6) of 2013, and end of the wet season (Sept 19-October 3) of 
2012, to determine the contaminate concentrations for those listed in Table 2.2.  For central FL, 
the wet season ends October 15 and the dry season ends May 27 (NOAA, 2012).  Composite 
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water samples were taken from three different locations in the pond; the inlet, center, and outlet 
of the pond.   
Table 2.1. Field Site Identification Numbers and Geographic Coordinates. 




F06010-3501-01 27.497928°, -81.7957305° 
Gainesville 0.67 214256-1-72-P001 29.660602°,-82.461857° 
East Palatka 0.11 209965-1-52-01-P001 29.646012°, -81.594925° 
Orlando 0.98 75037-3501-02 28.591550°, -81.208487° 
Clearwater 0.53 15040-3517 27.960145°,-82.709490° 
Ruskin 0.69 10120-3511-01 27.712870°, -82.435520° 
 
Figure 2.1. Field Research Site Locations 
 
 Samples were processed at Environmental Research and Design (ERD) using quality 
assurance and quality control (QA/QC) procedures. The water quality parameters that were 
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tested and their corresponding analysis method are listed in Table 2.2.  To carry out the sampling 
work guidelines for Quality Control (QC) were established to ensure that Quality Assurance 
(QA) objectives were met. Quality control is defined by elements assessing precision, accuracy, 
representativeness, completeness, and comparability. Precision is defined as the mutual 
agreement relative to individual measurements of a particular sample. Field or matrix spiked 
duplicates were used to determine the relative percent difference (RPD) of the sample 
concentrations.  










     
(1) 
Where:  
C1 = Concentration of the compound or element in the sample  
C2 = Concentration of the compound or element in the duplicate  
The relative standard deviation between replicates will be calculated as follows: 
 










RSD      (2) 
 Where :  
  S = Standard deviation 
  y’ = Mean of the replicates 
For water quality analyses, accuracy is defined as the difference between the measured or 
calculated sample result and the true value for the sample. The closer the numerical value of the 
measurement comes to the true value or actual concentration, the more accurate the 
measurement. Loss of accuracy can be caused by errors in standards preparation, equipment 




Analytical accuracy may be expressed as the percent recovery of a compound or element that 
has been added to laboratory reagent water at known concentrations prior to analysis. The 
following equation (Equation 3) is used to calculate percent recovery:  
 






   (3) 
Where: 
Cs = Total amount detected in spiked laboratory reagent water  
Cu = Amount detected in unspiked laboratory reagent water  
Ca = Spike amount added to laboratory reagent water 
 
 Percent recovery should be within 80% to 120% to assure accuracy. In the event that 
extreme values were produced, probable causes for the abrupt change in concentration were 
determined. Large storm events can transport pollutants in the stormwater runoff, causing an 
increase in nutrient fluctuations in the pond, especially after prolonged drought or at the 
beginning of the rainy season. Human activities, such as residential fertilizer application, might 
also cause elevated values. Accuracy for water quality analysis is different from accuracy for 
equipment operating parameters. For operating data, accuracy entails collecting a sufficient 
quantity of data during operation to be able to detect a change in system operations. 
 There are four main categories of QC samples. A method blank was used to determine if 
containers or equipment have been contaminated by preparing a sample from a clean matrix, 
often deionized water. The equipment has been contaminated if concentrations of the compound 
in question are detected in the clean sample. The next type of QC sample is the calibration blank. 
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A calibration blank is a volume of reagent water without the analyte. The concentration of the 
analyte should be less than three times the instruments detection limit. Matrix spikes are used to 
assure the recovery of the target compounds is acceptable for the matrix involved. This is 
accomplished by adding a known concentration of the analyte to the original sample, hence, 
spiking the concentration. The last type of QC sample is the field duplicate sample. One of every 
ten samples were collected as a duplicate for each sampling interval. The location at which the 
duplicate was collected was random, but occurred immediate succession to the field samples. 
Identical recovery, storage, transportation, and analysis procedures were used for the duplicate 
sample.  
Table 2.2 Water Quality Parameters Tested and Corresponding Chemical Analysis 
Methods 
Parameter Water column 
PAHs SW846 Method 8270D 
Metals 
Ag, Ba, Cd, Cr, Cu, Ni, Pb 
Se, Zn 
SW846 Method 6020 ICP/MS 
As SW846 Method 6020 ICP/MS 
Pesticides 
Chlorinated  Pesticides Method(s) 608 and 608.2 
Organophosphorus Pesticides Method SW846 8141 
Organochlorine Pesticides 
EPA 608 / 608.2  
 
E. Coli SM 9222 D  
TSS EPA 160.2 
Alkalinity EPA 310.1 
Total Nitrogen (TN) SM21 4500-N C 
Total Phosphorus (TP) EPA Method 365.4 
Ortho phosphate as OP SW 365.1 
Ammonia (NH3) EPA 350.1 
Nitrite + Nitrate (NOx) EPA 353.2 
pH 
Hach sensION156 (Product 
#: 5465014) 
Conductivity 
Hach sensION156 (Product 
#: 5465014) 
Dissolved Oxygen 
Hach sensION156 (Product 
#: 5465014) 
Turbidity Turbidimeter 





2.3 Results and Discussion 
 
2.3.1  Nutrient, TSS, Alkalinity, and Fecal Coliform Risk to Human and Ecological Health 
 The evaluation of a relative risk, which is frequently used in the human health field, is a 
way to examine the severity of the concentrations.  The National Recommended Water Quality 
Criteria’s Freshwater Criterion Continuous Concentration (CCC) is an estimate of the highest 
concentration to which an aquatic community can be exposed indefinitely without resulting in 
unacceptable effects but still remain under the Criteria Maximum Concentrations (CMC) (US 
EPA, 2013).  This freshwater criterion was used to compare concentrations to the aquatic 
organism health risks while the EPA’s Human Health Criteria’s table for Human Health 
Consumption of water plus organism was used to compare the human health risks. To determine 
possible ecological risks, the EPA’s Gold Book for Quality Criteria for Water (EPA, 1986) was 
used to govern the pollution limit causing mortality to the most sensitive species known as the 
Threshold Effect.  
 The US EPA’s 1998 Section 303(d) List Fact Sheet for Florida states that nutrient 
impairment is the most common surface water body impairment in Florida.  High nutrient 
concentrations, including nitrogen and phosphorus, in stormwater runoff have potential to cause 
eutrophication leading to ecological degradation (Jeffrey, 1998) and raise human health 
problems.  Since eutrophication is problematic worldwide, research has focused on the 
understanding, regulation, and mitigation on of phosphorus contamination in freshwater bodies. 
Although there is no national criterion for phosphate, the critical loading level for a pond with a 
mean depth of 2.5 m is 320 mg/m
2
/year (EPA, 1986).  Because eutrophication is variable and 
biologically dependent, there may be surface waters wherein lower concentrations or loading 
rates produce high eutrophy as well as situations were concentrations are higher but do not cause 
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nuisance algal spikes.  The drinking water industry has acknowledged the taste and odor effects 
of certain algae species linked to eutrophication, but only recently has recognized other 
consequences of trihalomethanes and chlorinated byproducts as a results of increased organics in 
the water (Palmstrom, 1988). 
 The recommended EPA criteria for each of the aggregate nutrients in Florida’s ecoregion 
XII, which comprises all of the six sampled Florida ponds in this study, for lakes and reservoirs 




, respectively, and for rivers and 




, respectively. Figure 2.2 
presentations that all of the FL ponds sampled exceed these EPA recommended nutrient limits 
for lakes. Figure 2.2 shows that there was little to no nutrient removal from the influent of the 
pond to the outlet for TN, NH3, TP, or SRP, with the exception of NO3, continual discharge of 
these pond concentrations to surface waters can potentially lead to violations of the TMDL limits 
or threaten the quality of groundwater.   
 Ammonia levels (Figure 2.2) were elevated for several ponds and too high to allow many 
fish species, which start deteriorating their health in NH3 concentrations as low as 10.0 µg∙L
-1
 
(USEPA, 1993). Although ammonia is mostly pH and temperature dependent, salmonoids, the 
family of ray-finned fish such as trout, charts, freshwater whitefishes, and grayling, are the most 
sensitive at concentrations potentially lower than 200 µg∙L
-1
. This concentration is important to 
monitor in ponds discharging to lakes. 
 Of these pollutants investigated, the most elevated and threatening to human health are 
the levels of E. coli.  According to the EPA’s Gold Book, freshwater should not exceed 126 
CFU∙100mL
-1
 if frequently used for bathing and 576 CFU∙100mL
-1
 when infrequently used for 
recreation (EPA, 1986).  The EPA’s evaluations of the bacteriological data for the National 
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Quality Criteria for Water set at 200 CFU per 100 ml, would cause an estimated 8 illnesses per 
1,000 swimmers in freshwater. Seasonal sampling means of every pond, with the exception of 
Gainesville, violated the 126 CFU∙100mL
-1
 limit and violations of the 576 CFU∙100mL
-1
 limit 
were exceeded by Clearwater, Zolfo, and Ruskin.   
 The threshold effect for TSS is listed as 80 mg∙L
-1
 at which concentration Gammon et al. 
(1970) observed that inert SS concentrations decreased the density of macroinvertabrates by 60% 
as well as in areas of sediment accumulation regardless of TSS.  Only two ponds, Ruskin and 
Palatka, averaged below this limit.  Alkalinity is essential to maintain a healthy ecosystem due to 
its ability to buffer pH changes which may be caused by chlorophyll-containing vegetation.  
Excessive alkalinity may cause irritation for swimmer by altering the pH of the lacrimal fluid 

























































                             (c) Nitrate            (d) Total Phosphorus 
 
  
           (e) Soluble Reactive Phosphorus                                            (f) Alkalinity 
 
  
         (g) Total Suspended Solids              (h) E. Coli 
Figure 2.2. Concentrations of Routine Water Quality Parameters and Fecal Coliforms of 
Six Different Stormwater Ponds throughout Florida.  Concentrations were compared 
against threshold effect (red line) which is the minimum amount of the parameter required 











































































































































2.3.2 Nutrient, TSS, Alkalinity, and Fecal Coliform Concentrations Source Tracking and 
Removal Efficiency 
 
 Each pond is a reflection of its watershed characteristics including geology, soil type, 
human influence and activities, and land cover.  This section relates the surrounding 
characteristics of the land to track target sources of the pollutants.   The ability of a stormwater 
management pond to remove pollutants before discharging to a receiving water body was also 
investigated by sampling next to the inlet, center, and outlet.  Many differences in reported 
efficiencies can be attributed to varying pond designs, how the efficiency is measured, land use, 
and geographic characteristics.   The spring and fall sampling results for total nitrogen, ammonia, 
nitrate, total phosphorus, soluble reactive phosphorous, alkalinity, total suspended solids (TSS), 
and E. Coli, averaged for each pond’s inlet, center, and outlet are presented in Figure 2.2. 
 Indicator and pathogenic organisms, such as E. coli, are transported in runoff entrained 
with particulate matter (PM) that may serve as a mobile substrate (Dickenson, 2012).  With this 
relationship, it is shown that the ponds with the greatest averaged E. coli concentrations in this 
study, Orlando (528 cfu∙100mLˉ¹), and Zolfo Springs (799 cfu∙100mLˉ¹) had the greatest TSS 
concentrations of 74.2 and 149 mg∙Lˉ¹ respectively.  A decrease in TSS toward the outlet would 
be expected if a storm event occurred, carrying high concentrations of TSS near the inlet and 
sedimentation to occur the closer to the outlet accompanied by lower concentrations. These 
reported results may be a reflection of no storm event occurrence, yielding a more uniform TSS 
concentration throughout the pond.    
 The presence of this high fecal contamination is an indicator of domestic sewage or 
nonpoint sources of human and animal waste and a potential health risk for individuals exposed.  
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The greatest health concerns lie in the increasing E. coli concentrations as it approaches the 
outlet and consistently exceeding the limit National Recommended Water Quality Criteria of 126 
CFU/100mL (EPA, 1986) for a majority of the ponds.  This increase in E. Coli concentrations 
may be an indication of birds and waterfowl utilizing the ponds as a source of food and refuge, 
contributing the increase in concentrations (Mallin, 2002). Fecal matter from the cattle field 
within Zolfo Spring’s watershed is the likely contributor to its consistently high concentrations.  
Alligators were also spotted in several of the ponds, also possibly contributing to these 
concentrations.  Since none of the ponds were located in residential areas, it is unlikely that pet 
fecal matter from pets was a contributor. 
 Nitrate concentrations decreased from inlet to out through most of the ponds, which is 
expected since the ponds were nearly anoxic having oxygen levels all less than 1.8 mg∙L
-1
 with 
the exception of Gainesville.  Through the process of nitrification and denitrification, nitrate 
(NO3) may have been converted to nitrogen gas (N2), but because there was no trend observed in 
total N concentrations from inlet to outlet it is possible that assimilation occurred, converting the 
nitrogen to the organic form, such in algae, bacteria, or plants.   Trends of decreasing ammonia 
concentration as the stormwater approaches the outlet is shown in Figure 2.3 and remaining 
under the threshold limit of 200 µg∙L
-1
 as it discharges, with the exception of Ruskin Pond.  
 The greatest average amount of nutrients of both total nitrogen (1778.3 µg∙L
-1
) and total 
phosphorus (1027.5 µg∙L
-1
) were present in the Zolfo Springs pond, both exceeding the national 
averages for runoff.  This pond lies within close proximity to cattle field, an over grown forest 
providing littoral zone decay, and in an area of Florida with high phosphate soils contributing 
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                          (g) Alkalinity              (h) E. Coli 
 
Figure 2.3.  Range of Nutrients, Fecal Bacteria, Alkalinity, and Total Suspended Solids 
(TSS) Concentration Values for Fall 2012 sampling of the Six Different Stormwater Ponds 
within different locations of the pond: Inlet Water, Center Water, and Outlet Water. 
Concentrations were compared against threshold effect (red line) which is the minimum 
amount of the parameter required to cause mortality in the most sensitive species as 
determined by the EPA (1986). 
 
 Sampling of contributing stormwater sources was conducted to further investigate the 
contributing pollutant sources in Zolfo Springs pond, which had the greatest total phosphorus 
and total nitrogen of the 6 ponds.  In total, 6 samples (Figure 2.4) were taken around the pond. 
The first two samples were from ditches, where the elevation sloped downward toward the pond. 
These ditches are near Areas of concern that may be contributing to runoff in the ditches include 
residential areas, cattle farms, and orchards. The 3
rd
 sample was taken from a culvert that 






 samples were collected at curb inlets, 
















































Figure 2.4. Sampling locations for the extended source tracking campaign at the Zolfo 
Springs pond. Sampling locations 1-2 correspond to ditches channeling downhill runoff 
toward the pond. Location 3 corresponds to a culvert directing overland flow toward the 
pond. Locations 4-6 are curb inlets that discharge directly into the pond. 
 
 Sampling results of nutrient and TSS concentrations are given in Table 2.3. The ditch at 
location number 1 had the greatest nutrient concentrations of all the sampled locations, having 
TP and TN concentrations of 16,050 µg∙L
-1
 and 2,292 µg∙L
-1
 respectively. This ditch is 
representative of stormwater runoff from a forested area, pasture, and orchard across the street.  
Fertilizer runoff from the orchard may be causing the significant amount of phosphorus in the 
area.  The ditch at location number 2 shows high nutrient concentrations as well from the 
forested area.  The curb inlet and culvert nutrient concentrations indicate that street runoff is not 
a large contributing source of nutrients.  TSS concentrations were also found the greatest in the 
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ditch at location number 1, possibly due to the transportation of soil and PM from the forested 
area. 






















































































1 Ditch 26 856 2,292 303 16,050 513 
2 Ditch 0 351 1,802 131 1,486 81.3 
3 Culvert 0 104 789 293 432 6.5 
4 Curb Inlet  4 145 763 46 240 71.6 
5 Curb Inlet 34 294 831 80 329 45.4 
6 Curb Inlet 20 176 737 55 229 30.9 
 
2.3.3 Metal Risk to Human and Ecological Health 
Concentrations of most of the metals did not pose a great risk.  Lead, cadmium, nickel, 
selenium, and gold remained under the detection limit.  Although the CCC limit set by the EPA 
for Chromium VI is 11 µg∙L
-
1, the total collective concentrations of all chromium isotopes were 
sampled, therefore this value was not necessarily exceeded.   
Copper concentrations in the water column remained below 20 µg∙L
-1 
although 
application of copper sulfate algaecide to fresh water creates high concentrations ranging from 
0.3 to 2.0 mg∙L
-1
-Cu and posing a fatal threat to non-target organisms such as bacteria, plankton, 
fishes, and other aquatic life (Nor, 1987). Because copper concentrations return to pre-treated 
levels only a few hours after treatment, exposure to copper may not be evidenced by this data. 
The high copper concentrations after treatment may be responsible for reducing the nitrogen 
removal efficiencies of stormwater detention and retention ponds by eliminating the nitrifying 
and denitrifying bacteria.  These algaecides also contribute to high nutrient concentrations, 
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causing a release of nitrogen from dying algae and vegetation. Copper exposure has shown to 
change the structure, physiology, and metabolism of biofilms (Barranguet, 2002). Exposure of 
bacterial communities in biofilms were distinctively changed in denaturing gradient gel 
electrophoresis profiles at concentrations of 6.8 umol∙L
-1
 Cu and marked changes community-
level physiological profiles were induced at exposure concentrations of 2.1 and 6.8 umol∙L
-1
 Cu 
(Boivin et al., 2006).  The copper concentrations required to inhibit algae growth are 100 times 
the concentrations that are known to be lethal to zooplankton, which are beneficial algae grazers 
(Cooke and Kennedy, 2001). 
 Several PAHs slightly exceeded the National Recommended Water Quality Criteria’s 
Human Health Water and Organism numeric criteria for the consumption of water and organisms 
based on a carcinogenicity of 10
-6
 risk or an alternative risk level of 10
-5
 risk (US EPA, 2013). 
These elevated primary pollutant PAHs include Benzo(b)pyrene, Benzo(b)fluoranthene, 
Benzo(k)fluranthene, and indeno(1,2,3-cd)pyrene all having an associated Human Health 
criterion value for water and organism consumption  equal to 0.0038 µg∙L
-1
were found at higher 
concentrations in the water column at the ponds of Palatka, Clearwater, and Orlando.  Elevated 
concentrations of indeno(1,2,3-cd)pyrene were found in the outlet water column and sediment of 
the Palatka pond at 0.092 µg∙L
-1
and 2990 µg/kg respectively in the spring sampling with even 
greater sediment concentrations sampling of 4130 µg/kg in the fall sampling.  Palatka showed 
the most accumulation of PAH concentration in the sediments with a concentrations ranging up 
to 32,378 µg∙kgˉ¹. The highest contributing of theses PAHs were Fluoranthene, Pyrene, 





         (a) Copper     (b) Zinc 
  
        (c) Chromium              (d) Barium 
 
Figure 2.5. Heavy Metal Concentrations Found within Six Wet Detention Ponds in Florida.  
Samples were taken from the inlet, outlet, and sediment of the pond. (If concentrations 
were below detection level, the maximum detectable concentration was averaged with 
zero.) 
2.3.4 Metals Pollutant Source Tracking and Removal Efficiency 
 Heavy metals are of particular concern in urban runoff due to their toxicity and the fact 
that vehicles are the main source of heavy metals that are washed into stormwater ponds (EPA, 
1993).  Because many stormwater ponds are within close proximity to streets or highways due to 
the impervious area runoff, these ponds are at risk for accumulating heavy metals.  For example, 





























































































discharged from leaded gas exhaust as well as during tire wear. Zinc is also a product of tire 
wear, and it is also found in motor oil and grease.  
 The amount of copper and zinc tended to decrease from inlet water concentrations to 
outlet water concentrations, as it possibly settles to the bottom sediments (Figure 2.6). Total 
chromium concentrations in the sampled Florida ponds reach a maximum of 16 µg∙L
-1
.  It would 
be expected that the pollutant concentrations would typically be greater at the inlet to the pond 
and decrease toward the outlet as seen with copper and zinc.  Pettersson (1998) found that the 
transport of smaller dissolved pollutants in stormwater detention ponds is more rapid than the 
dispersion and transport of larger particles.  These water quality results show that the stormwater 














         (a) Copper     (b) Zinc 
  
  (c) Chromium      (d) Barium 
 
 
Figure 2.6. Range of metal concentration values for the fall 2012 Sampling of six different 
stormwater ponds within different locations of the pond: inlet water, center water, Outlet 
water, and pond Sediment. (If concentrations were below detection level, the maximum 

































































































Table 2.4. Pond Characteristics Exhibiting Elevated Pollutant Levels. The highest average 
of either the spring or fall sampling is presented 
Pollutant Study Pond Characteristics 
Total Nitrogen Palatka (2701 µg∙L
-1
), Zolfo Springs 
(2248 µg∙L
-1
), Orlando (1967 µg∙L
-1
) 
-Palatka- Adjacent to large parking lot, State Rd 
US 17, forest 
-Zolfo- Close proximity to cattle field, over 
grown forest 
-Orlando- Adjacent to SR 434, overgrown 
littoral decay 
Ammonia  Ruskin (522 µg∙L
-1
) Neighboring agricultural operation, much greater 
at the end of the wet season 
Nitrates Zolfo Springs (442 µg∙L
-1
) Close proximity to cattle field, over grown forest 
providing littoral zone decay 
Total Phosphorus Zolfo Springs (1132 µg∙L
-1
) Close proximity to cattle field, over grown forest 




Zolfo Springs (512 µg∙L
-1
) Close proximity to cattle field, over grown forest 
providing littoral zone decay, high phosphate 
soils 
E. coli Clearwater (1229 µg∙L
-1
), Ruskin (1042 
µg∙L
-1
), Zolfo Springs (799 µg∙L
-1
) 
All highly variable between seasons and location 
in ponds 
-Clearwater- Near a park and forest 
Ruskin- Neighboring Agricultural Operation 
-Zolfo Springs- Close proximity to cattle field 
and over grown forest 
 
Copper Orlando (9.7 µg∙L
-1




Orlando- Copper sulfate algaecide treatment, 
adjacent to SR 434 
Zolfo Springs- close proximity to State Road 35 
and Metal piping warehouse 
 
Zinc Zolfo Springs (66.3 µg∙L
-1
) Zolfo Springs- close proximity to State Road 35 
and Metal piping warehouse 
Chromium Clearwater (44.3 µg∙L
-1




Much higher concentrations found after the rainy 
season. 
Orlando- adjacent to SR 434 
Zolfo Springs- close proximity to State Road 35 
and Metal piping warehouse 
 
 
Barium Palatka (84.3 µg∙L
-1
) Palatka- Adjacent to large parking lot, State Rd 












Target Pollutants and Sources 
Zolfo Springs 0.49 TN, TP, SRP: Fertilizer application and a forested area across 
the street are likely initial sources of nitrogen and phosphorus 
into the pond. Furthermore, the significant amount of algae and 
vegetation in the pond release these nutrients as they decay. 
 
TSS: PM from the roadways washing into the pond and erosion 
are probably sources. 
 
E. Coli: Pathogenic organisms are transported in runoff 
entrained with high particulate matter. This pond also has high 
TSS levels. Bird excrement is another source of E. coli. 
Alligators are present in the pond, which may contribute to the 
E. coli levels. Manure form the cattle pasture located uphill from 
the pond is another potential source. 
Gainesville 0.67 TP: Neighboring hills on two sides of the Gainesville pond 
channel runoff through dense forest and residential properties 
into the pond. Furthermore, the water from a forested wetland 
behind the pond has the potential to discharge nutrients into the 
pond. 
East Palatka 0.11 TN, TP: The neighboring forested area and decaying algae and 
vegetation in the pond are primary sources. 
 
TSS: The forebay of the pond is completely full and requires 
dredging in order to allow for proper sedimentation. 
 
E. Coli: Pathogenic organisms are transported in runoff 
entrained with high particulate matter. This pond also has high 
TSS levels. Bird excrement is another source of E. coli. 
Orlando 0.98 TSS: PM from the roadways washing into the pond and erosion 
are probably sources. 
 
E. Coli: Pathogenic organisms are transported in runoff 
entrained with high particulate matter. This pond also has high 






Target Pollutants and Sources 
Clearwater 0.53 TN, TP, SRP: The neighboring residential area may have been 
the initial source of nutrients into the pond. Cattail covered 95% 
of the pond, and as it dies and decays, these nutrients are 
released into the water column. 
 
TSS: PM from the roadways washing into the pond and erosion 
are probably sources. 
 
E. Coli: Pathogenic organisms are transported in runoff entrained 
with high particulate matter. This pond also has high TSS levels. 
Bird excrement is another source of E. coli. 
Ruskin 0.69 NH3, TN, TP: Fertilizer from the nearby farm is an initial and 
seasonal source of nutrients into the pond. The significant plant 
growth around the pond and algae trap these nutrients and 
release them upon death. 
 
TSS: PM from the roadways washing into the pond and erosion 
of the top soil from the neighboring farm are probably sources. 
 
E. Coli: Pathogenic organisms are transported in runoff entrained 
with high particulate matter. This pond also has high TSS levels. 
Bird excrement is another source of E. coli. 
 
 Heavy metals tend to accumulate in sediments to a certain extent under natural conditions 
(Wisseman and Cook, 1977).  Table 2.6 contains the metal concentrations found in the pond 
sediments averaged for the fall and spring sampling.  Concentrations of the metals found in the 
pond sediments are reflective of some of the concentrations found the water column. The 
Orlando pond and Zolfo Springs pond contained the greatest concentrations of copper in both the 
water column and sediments. The metal concentrations found in the sediments may give an 
estimate of which ponds contain greater concentrations in the water column for those ponds 






Table 2.6. Pond Sediment Metal Concentrations (mg∙kg
-1
) Averaged from Fall and Spring 
Sampling Campaigns 
 Cu  Pb  Zn  Cr  Cd  Ni  As  Ba  Se  Ag  
Clearwater 2.10 4.3 10 57 0.05 4.4 1.02 60.6 0.153 0.024 
Orlando 81.0 27.85 361 47 0.85 13.1 2.06 54.9 2.475 0.137 
Zolfo Springs 11.8 12.7 33 17.5 0.23 2.05 0.575 44.6 0.315 0.024 
Gainesville 1.25 4.05 9.65 55.5 0.15 6.55 0.55 66.7 0.230 0.148 
Ruskin 6.55 2.75 12 13 0.10 1.5 1.05 6.0 0.295 0.015 
Palatka 8.10 17.75 77 11.5 0.11 3.3 0.575 14.8 0.125 0.014 
 
 The pesticides that were sampled all remained under detection limit or less than the 
EPA’s human health risk.  Concentrations of Endosulfan II in the Orlando pond were found to 
have slightly higher concentrations of 0.011 µg∙Lˉ¹ in the inlet and 0.012 µg∙Lˉ¹ in the outlet 
during the fall sampling but still remained below the EPA’s recommended amount of endosulfan 
in rivers, lakes, and streams of no more than 74 parts per billion (ppb). This pesticide was just 
recently banned by the EPA in 2010 due to research showing health risks to workers applying 
endosulfan exceeded the agency’s level of concern as well as risks for wildlife including fish and 
birds (USEPA, 2011).   
 Although most PAHs were not detectable, the few that were exceeded the human health 
consumption of water and organisms in ponds that lay in close proximity to highways and/or 
parking lots. These target sources reveal that discharge to Class A surface waters or percolation 
to groundwater drinking sources may pose a human health risk. Concentrations of 2-
Methylnapthalene were found to be in the influent of Zolfo Spring pond at 0.79 µg∙L
-1.
  
Concentrations of 1- and 2-methylnapthalene were reported in process sewage from coal 




 respectively (GDCH 
1992) indicating these concentrations are possibly due to the nearby highway exhaust.  
Benzo(b)pyrene, Benzo(b)fluoranthene, Benzo(k)fluranthene, and indeno(1,2,3-cd)pyrene were 
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found at higher concentrations in the water column at the ponds of Palatka, Clearwater, and 
Orlando, all laying adjacent to major highways. These PAHs are produced from motor vehicle 
emissions as particulate matter which ends up in stormwater (Miguel and Pereira, 1989).  These 
same PAHs are found at elevated concentrations in the pond sediments of Orlando and Palatka 
ponds (Table 2.7).   

















Fall Spring Fall Spring Fall Spring Fall Spring Fall Spring 
Acenaphthene < 0.77 < 180 <190 < 870 <300 < 240 <180 252 <190 < 220 <200 < 170 
Acenaphthylene <0.77 < 180 <190 < 870 <300 < 240 <180 < 180 <190 < 220 <200 < 170 
Anthracene <0.776 < 180 <190 < 870 <300 < 240 <180 < 180 <190 < 220 522 < 170 
Benzo(a)anthracene <0.038 < 11 <12 970 <19 17.5 <11 229 <12 < 14 3990 1910 
Benzo(a)pyrene <0.038 < 11 <12 2790 19.7 25.5 <11 289 <12 < 14 4300 3390 
Benzo(b)fluoranthene <0.038 < 11 <12 3400 22 39.1 <11 200 <12 < 14 4750 2580 
Benzo(g,h,i)perylene <0.038 < 11 <12 2620 <19 18.1 <11 205 <12 < 14 4040 2320 
Benzo(k)fluoranthene <0.038 < 11 <12 1540 <19 17.6 <11 114 <12 < 14 2240 1450 
Chrysene <0.38 < 90 <94 2020 <150 < 120 <88 239 <94 < 110 5330 3400 
Dibenzo(a,h)athracene <0.038 < 11 <12 352 <19 < 15 <11 32.3 <12 < 14 905 488 
Fluoranthene <0.38 < 90 <94 3050 <150 < 120 <88 699 <94 < 110 9970 5830 
Fluorene <0.77 < 180 <190 < 870 <300 < 240 <180 < 180 <190 < 220 <200 < 170 
Indeno(1,2,3-cd)pyrene <0.038 < 11 <12 2830 <19 23 <11 257 <12 < 14 4130 2990 
Naphthalene <0.77 < 180 <190 < 870 <300 < 240 <180 < 180 <190 < 220 <200 < 170 
1-Methylnaphthalene <0.38 < 90 <94 < 440 <150 < 120 <88 < 91 <94 < 110 <98 < 85 
2-Methylnaphthalene <0.38 < 90 <94 < 440 <150 < 120 <88 < 91 <94 < 110 <98 < 85 
Phenanthrene <0.77 < 180 <190 < 870 <300 < 240 <180 376 <190 < 220 3900 2280 
Pyrene <0.38 < 90 <94 2880 <150 < 120 <88 602 <94 < 110 8030 4720 
 
2.3.5 Geographical  
 Due to the diversity in geology, soil type, climate and landscape, it is import to assess the 
geographical setting of the ponds to determine additional pollutant influences and sources.  The 
National Stormwater Quality Database (NSQD), which recorded some 3700 storms throughout 
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the United States, provides data for routine water quality parameters, a few metals, fecal 
coliforms, and a number of organic toxicants to which these concentration levels may be 
compared (Pitt, 2004).  High phosphate deposits in Central Florida are one of the richest and 
most accessible in the world due to marine deposits occurring about 10 million years ago when 
the shallows oceans covered the deposit areas.  Due to this phenomenon, high phosphate deposits 
in the soil are found in central Florida, particularly Bone Valley, contributing to high phosphate 
concentrations in this part of the state. Zolfo Springs pond (Table 2.8), being closest to these 
phosphate deposits, exhibited the highest concentrations of total and soluble reactive phosphorus. 































































































































Total N-µg∙L-1 Spring 911 1967 2249 738 1126 2702 1266
.2 
850 1400 - - - - 
Fall 900 663 1308 711 1089 833 
NH3-µg∙L
-1 Spring <3 17.3 <3 <3 <3 53 65.4 200 400 2200 - - - 
Fall <5 41.7 66.8 67.6 522.3 7.7 
NOx-µg∙L




600 - - - - 
Fall 99 234.7 442.3 82 104.3 74.3 




910 630 810 
Fall 266.3 25 1131 373 474 326.7 
SRP-µg∙L-1 Spring 67.7 51.7 367 65.3 100.7 11.3 143.
6 
130 - - - - - 
Fall 155.7 13 511 239 129.7 10.3 
Alkalinity-mg∙L-
1 
Spring 34.1 51.8 124.7 32.9 105.7 76.6 83.4 - - - - - - 
Fall 142.9 51.5 80.9 38.3 187.3 73.8 







Fall 159.8 71.4 131.1 11.1 81.5 58.4 
E. Coli-
CFU∙100mL-1 
Spring 30 528.3 799.3 59 272.3 35 440.
8 
126 1299 - - - - 
Fall 1228 156.7 544 81.7 1042 513.3 
A 
Concentrations for the United States were determined from the values from the National Stormwater Quality 
Database (Pitt et al., 2004) 
B 




The “threshold effect” pertains to the pollutant concentration that will cause death to the species most sensitive 
to the pollutant as determined by the EPA (1986) 
 
 Climatic factors such as rainfall intensity, duration, frequency, and time since antecedent 
rainfall are all factors affecting runoff pollutant concentrations (Sonzogni et al., 1980).  Pollutant 
loading in stormwater runoff was predominantly a function of the total runoff volume (Oberts, 
1982).  Tufford et al. (2003) found that seasonal nutrient concentrations for TN, NH4, and TP 
were the highest during the summer, while NOx was the greatest in the winter in the southeastern 
US streams. Few pollutants showed seasonal trends.  Water column copper concentrations were 
consistently greater in the spring, at the end of the dry season.  Figure 2.7 portrays the amount of 
rainfall given for the area specific to each stormwater pond.  The sampling periods in the spring 
had a greater monthly average of precipitation (~7-10 inches/month with the exception of 
Ruskin) during the sampling period than in the fall (2-4 inches/month).  Monthly precipitation 
during the spring sampling is expected to be greatest due to the influx of greater runoff during 
the month, although the fall sampling may represent the cumulative pollutants from the 6 
previous months of the wet season with high precipitation.  
 A few trends varied between sampling periods.  While TN was present in higher 
concentrations in the spring, greater ammonia, and E. coli concentrations were found in the fall, 
which may indicate their accumulation over the wet season. Copper concentrations were 






Figure 2.7. Monthly average rainfall data is given for 2008 through 2013. Precipitation data 
was acquired from National Oceanic and Atmospheric Administration (NOAA). 
2.4 Recommended BMPs  
 
 Having been verified over the course of two sampling campaigns, excess nutrients, TSS, 
and E. coli were identified as the target pollutants, and heavy metals, PAHs, and pesticides are 
not a concern in the majority of the ponds.  High nutrient, TSS, and bacterial concentrations 
within the ponds were found to be the most problematic pollutants, although these may be 
avoided through the adoption of best management practices (BMPs).  These BMPs include baffle 
boxes, sorption media, floating treatment wetlands, green roofs, and infiltration trenches, which 
may be effective and practical methods of mitigating many of the nutrient issues found. These 
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technologies work to remove phosphorus and nitrogen species through natural physical, 
chemical, and biological means. The use of sorption media filters has been shown to 
physiochemically remove phosphorus and nitrogen by initially acting as a sorbate until the 
sorption sites have reached a saturation level whereby chemical and biological processes 
continue to remove the nutrients (Chang, 2010; Wanielista, 2008; Xuan, 2009).  This sorption 
media technology can be applied within baffle boxes, tree wells, and bioswales. 
 While not all BMPs can reduce fecal coliform bacteria, those with more filtration 
treatment process show promise in removal.  Filtration BMPs such as media filters, rain gardens, 
and bioretention cells have been shown well suited for bacterial removal but others such as 
swales and detention ponds have low effectiveness and some cases have potential to export 




Table 2.9. Available BMPs solutions to operation and maintenance (O&M) issues. The 
BMPs presented in this table are possible solutions. The BMPs can be implemented 
individually at a pond or in series for enhanced treatment.  
O&M Issues Causes Consequences BMPs Solutions References 
Excess Littoral 
Zone Growth 
 TN, NH3, NOx 
 TP, SRP 










 Baffle box 




 Grier, 2008 





 Bank erosion 



















 Check dam 
 Forebay 
 Periodic removal 
 Outflow control 
structure 
 Livingston 




 Oil and greases 
from vehicles 




 Oil sheens 
 Death of sensitive 
aquatic wildlife 
 Bioaccumulation 















 Cattle farms 




 Sand Filters 
 Sorption Media 






 TN, NH3, NOx 





 Source control 
 Grass swale 
 Baffle box 
 Sorption media 
 Floating 
Wetland 








 Roof runoff 
 Building siding 
 Human and 
environmental 
health concerns 
 Loss of 
biodiversity 
 Baffle box 










2.5 Final Remarks 
  
 Despite the notion that highway stormwater detention ponds in Florida would accumulate 
high levels of heavy metals and hydrocarbons sourced from combustion byproducts, impervious 
street runoff, moving engine parts, motor and grease, and tire wear particles, these pollutants 
were not found of concern within the water column concentrations.   On the other hand, 
nutrients, TSS, and fecal coliform concentrations were found elevated to concentrations high 
enough to pose risk to human and ecological health, as well as potentially violate TMDL limits 
of receiving surface water bodies.  Sources of nutrient pollutants stem from high phosphate soils 
in central Florida, fertilizer and manure from nearby farms, littoral and forest decay contributing 
to algal blooms and eutrophication effects.  Most of the averaged E. Coli concentrations for each 
of the ponds exceeded the EPAs limit for bathing waters due to the contribution of cattle farm 
runoff and wildlife (birds, waterfowl, alligators) fecal matter. The implementation of appropriate 
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CHAPTER 3: PHYSIO-CHEMICAL PROPERTY CHARACTERIZATION 




3.1.1 Introduction of Copper in the Environment 
High levels of heavy metals, such as copper, are of particular concern in urban runoff due 
to their toxicity and the fact that they cannot be chemically transformed or destroyed.  Levels of 
copper in road debris were found to range from 50-464 µg∙g
-1
 (Brown and Peake, 2006).  Pitt and 
Lalor (2000) found the highest median copper concentration in an urban receiving water body to 
be 160 µg∙L
-1
and the highest concentration of copper in stormwater runoff to be 1250 µg∙L
-1
.   In 
non-industrial areas, auto-mobiles and structures using metallic compounds are the major 
contributors to runoff.  Copper discharge from automobile brakes may be one of the main 
sources as it has been estimated to be 75 µg Cu∙km
-1
 -vehicle (Davis et al., 2001).  Davis et al. 





) followed by building siding.  High copper concentrations from siding may be caused 
from the leaching of “CCA” (copper, chromium, arsenic) treated wood as a preservative.  Other 
sources of copper in stormwater ponds from highway or urban stormwater runoff may be sourced 
to vehicle fuel exhausts, copper piping, tap water, copper algaecides, copper roofing and copper 
gutters (TDC Environmental, 2004). 
In surface water bodies, copper-based pesticides are among the most frequently used.  
Using copper sulfate (CuSO4) as an algaecide, herbicide, germicide, and fungicide is common to 
maintain aesthetic appearance of lakes, reservoirs, and ponds but may pose the largest threat to 
microbial life.  The application of copper sulfate, the most common copper based algaecide, in 
fresh water ranges from 0.3 to 2.0 mg∙L
-1 
and can be fatal to nontarget organisms (Nor, 1987).  
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Sienering (2004) conducted a study on the effects of copper aquatic pesticides finding that 24 
hours following application, dissolved copper concentrations caused lethal and sublethal toxicity 
to juvenile trout and a week following application toxicity in water fleas, Ceriodaphnia dubia, 
was observed.   
3.1.2 Copper Threat to Microbial Life 
Concern lies in the susceptibility of nitrogen-removing biofilm’s bacterial colonies to 
anthropogenic input of other inorganic contaminants in stormwater runoff.  Copper exposure has 
shown to change the structure, physiology, and metabolism of biofilms (Barranguet, 2002). 
Exposure of bacterial communities in biofilms were distinctively changed in denaturing gradient 
gel electrophoresis profiles at concentrations of 6.8 umol∙L
-1
 Cu and marked changes 
community-level physiological profiles were induced at exposure concentrations of 2.1 and 6.8 
umol∙L
-1
 Cu (Boivin et al., 2006).  Because these biofilms are sensitive at such low levels of 
copper, it is of great concern that the concentrations found in stormwater runoff and copper 
sulfate algaecide treatment may significantly decrease the performance of nitrogen reduction 
within the media reactor due to the microbiological destruction. 
The application of copper sulfate to fresh water creates concentrations of copper ranging 
from  0.3 to 2.0 mg∙L
-1
-Cu and posing a fatal threat to nontarget organisms such as bacteria, 
plankton, fishes, and other aquatic life (Nor, 1987). These intensely high Cu concentrations after 
treatment may be responsible for reducing the nitrogen removal efficiencies of stormwater 
detention and retention ponds by eliminating the nitrifying and denitrifying bacteria.  The Cu 
concentrations that are required to inhibit algae growth are 100 times the concentrations that are 
known to be lethal to zooplankton, which are beneficial algae grazers (Cooke and Kennedy, 
2001) and much larger than nitrogen fixing bacteria.  
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This algaecide is effective at temporarily reducing the nuisance vegetation, but may not 
be responsible for sustaining high levels of copper in the water column because copper 
concentrations return to the pretreated levels after only 2 hours of application (Button, 1977).  
Instead, the Cu accumulates in the sediments in ponds treated with copper sulfate, which may 
contain concentrations of copper four to five times higher than ponds that are not treated due to 
accumulating rates of 41 µg∙kg
-1
 dry sediment for each 1 kg∙ha of CuSO4-5H2O applied (Han et 
al., 2001). Additional sources of Cu in stormwater may be a result of a number of industrial 
processes and accumulate in living organisms causing a number of diseases and disorders, such 
as Wilson’s disease.   
3.1.3  Copper Removal Media 
 Stormwater ponds are designed to remove the suspended sediments from incoming 
stormwater which may result in an accumulation of many chemical contaminants bound to 
suspended solids settling out in the bottom of the pond.  There is a potential that certain 
contaminants may build up and increase over time, causing more of a health risk to epibenthic 
and pelagic organisms in the pond, and to humans as well if groundwater infiltration of these 
contaminants occurs.   
 In the case of copper sulfate treated stormwater ponds, the algae has been inhibited so 
less nutrients are absorbed, therefore creating higher nutrient levels discharging from the pond.  
To prevent this increase in nutrients and heavy metal accumulation in sediments, there is the 
potential to adsorb copper into sorption media, which may be employed in a stormwater pond.  
One method may include integrating a sorption media into an up-flow filter system within a 
baffle box as a best management practice of improving water quality in stormwater runoff.  Use 
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of up-flow filtration for stormwater treatment promotes the removal of pollutants from 
stormwater runoff by increasing residence time and decreasing the likelihood of clogging due to 
compaction. A study to investigate the removal efficiency of copper may be tested by batch 
isotherm tests.  
 The materials for the removal media are characterized to be low cost, by either being 
abundant in nature, a by-product of an industrial process, or requiring little processing. There are 
many materials that adsorb copper efficiently.  Copper was found to accumulate in 
photosynthetic biofilms at different rates with time, with greater initial accumulation in 
potentially bioavailable forms (Han et al., 2001). Peat was found to be a sorbent of Cu making it 
an ideal material for the baffle box media in this study (Kietlinska and Renman 2005, Clark et 
al., 2001; DeBusk et al., 1997; Chiou, et al., 2000).  Crisafully et al. (2005) show that green 
coconut shell cane may be used comparably to most conventional adsorbent medias (i.e. 
Amberlite T). These aspen wood filters (cedar wood is a good alternative) were also effective in 
removing phosphate (24%), copper (29%), and iron (40%) (Boving and Neary, 2004).  
 A media’s metal removal efficiency is influenced by many factors including pH, 
chemical composition of material, and element competition in the contaminated water 
(Kietlinska and Renman, 2005).  Because all stormwater runoff may have a different chemical 
composition, different interferences in the absorption of heavy metals may occur.  Dried green 
algae, yeast, and bacteria were a good media for adsorbing chromium (VI) ions and can be 
applied for the removal of other metal ions from solutions. (Nourbakhsh et al.,1994; Goyal et al., 
2003).  A polonite-peat mixture had over a 65% removal of copper and over 85% effective 
removal of many other elements including Mg, Mn, Fe, Zn, Zr, and Ba (Kietlinska and Renman, 
2005).  Copper absorption was shown to occur relatively quickly, within the first 10 minutes, and 
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gradually decreased thereafter (Abdelwahab, 2007), which makes removal via adsorption ideal 
for a baffle box with a short residence time.  
Table 3.1. Review of Material Capable of Copper Removal. 




Calisir, 2009 Tire Rubber Cu  
Clark et al., 2001 
DeBusk et al., 1997 









Papandreou et al., 2007 Coal Fly Ash Cu, Cd  
Montanher et al., 2005 Rice Bran Pb, Cd, Cu, 
Zn 
>80 
Yu et al., 2001 
Sciban et al., 2007 
Sciban et al., 2006 
Saw Dust Pb, Cu, Cd, 
Zn, Ni  
60-90 
Kamble and Patil, 2001 Water hyacinth Cu, Pb, Co, 
Zn 
70-80 
Kadirvelu et al., 2001 Activated Carbon from Coir Pith Pb, Hg, Cd, 
Ni, Cu 
73 
Iqbal et al., 2002 Activated Carbon of Peanut Shells Pb, Cd, Cu, 
Ni, Zn 
<75 
Johns et al., 1998 Rice straw, soybean hulls, sugarcane 
bagasse 
Pb, Cu, Cd, 
Zn, Ni 
 
Karnitz et al., 2007 Sugarcane, chemically modified with 
succinic anhydride 
Cu, Cd, Pb >80 
Wilson et al., 2006 Petiolar Felt Sheath Palm (PFP) 
peeling from the tree trunk 
Pb, Cd, Cu, 
Ni, Zn 
>70 
Farajzadeh and Monji, 
2004 
Wheat Brain Cd, Hg, Pb, 
Cr, Cu, Ni 
>82 
Kurniawan et al., 2006 Orange shell, Orange peel, maize cob, 
soybean hulls treated with NaOH and 
jack fruits  
Cd, Cr, Cu, 
Ni, Zn 
 
Kurniawan et al., 2006 
Johns et al., 1998 
Nut (peanut, walnut, pecan, hazelnut) 
Shells 









Shukla and Pai, 2005 
Seki et al., 1997 Bark (Abies sachalinensis & Pecia 
glenii) 
Cu, Cd, Zn, 
Ag, Mn, Ni 
<63 
Saeed et al., 2005 
Marshall and Johns, 1996 
Agricultural Byproducts (Defatted 
Rice Bran, chemically treated 
soybean cottonseed hulls, black mill 
husk) 
Cu, Zn, Ni  
 
After a literature review of copper removal efficiencies (Table 3.1) and absorption properties of 
multiple materials, the materials was evaluated for: 1.) removal efficiencies as evidenced in the 
literature; 2.) available surface area; 3.) particle size  to avoid clogging of the baffle box; 4.) cost 
level; 5.) availability in Florida; and 6.) additional benefits. Two mixtures were created (Table 
3.2) to be low cost and can be termed “green” with the inclusion of recycled material.   
 Table 3.2. Material Composition of the Copper Sorption Material by Volume 
Copper Mix 1 Copper Mix 2 
33.3% Coconut Coir 33.3% Coconut Coir 
33.3% Expanded Clay (3/8) 33.3% Expanded Clay (3/8) 
33.3% Tire Chunk (3/8) 33.3%  Peanut Shells 
 
 
 Removal of pollutants from stormwater is dependent upon the physiochemical properties 
of the media.  These physical characteristics will aid in understanding the chemical behavior and 
hydraulics of the sorption media.  The investigation of these characteristics will allow the 
replication and multiplication of media for application as well as provide assurance of similar 
removal efficiency.  
 The objective of this chapter is to determine the physical and chemical properties of the 
sorption media.  The properties of interest that are investigated include particle size distribution 
curve, bulk density, porosity, surface area, hydraulic conductivity, void ratio, and phosphorus 
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adsorption. Particle size distribution curve will give an idea of the grain size of the media or soil 
and the amount of each sized particle in the distribution.  The bulk density and voids in aggregate 
is important in proportioning the media mix and determining the mass/volume relationship. All 
of these properties play into the adsorption capacity of the media as well as the capacity of a 
biofilm to grow once installed. These characteristics and adsorption properties of the media 
allow the screening of material to be used as part of the media mixtures.  
 Copper removal characteristics of the media via sorption are important for determining 
the amount of water able that can be treated and the extent of maximum removal. Adsorption 
varies under many conditions, but only two will be manipulated in the column tests; influent 
concentration and HRT.  Based on the literature review of these selected materials capable of 
removing copper, it is hypothesized that media will adsorb copper at a high efficiency with 
greater exposure or residence time with the copper solution.   
Science Questions How much copper is the media able to remove and how does this vary with 
contact time? Which mix outperforms the other? What are the physical properties of the each 
media mix which will influence its adsorption characteristics? 
3.1.4 Chapter Objectives 
 Conduct copper adsorption isotherms to find the mass absorbent removed per mass of 
media (equilibrium media uptake (q); mg∙g
-1
). 
 Select the outperforming copper media mix by comparison of removal efficiencies and 
equilibrium media uptake of the isotherm tests. 
 Using the selected copper mix, vary the contact time (0.5 and 1 hr.) in the isotherm tests 
to find the change in the equilibrium media uptake (q) (mg/∙g
-1
). 
 Using ASTM standards, determine porosity, void ratio, specific gravity, bulk density, 







 The media for the following experiments was oven dried at 105°C for 12 hours, with the 
exception of the tire crumb, which was air dried for at least 1 week, to ensure that bacterial 
removal and moisture weight was negligible. 
3.2.1 Isotherm Tests 
 Isotherm tests were conducted by varying the mass of media given the same influent 
concentration. A volume of 300 mL deionized water spiked with 1 mg∙L
-1
-Cu solution was added 
to each of five flasks. These five flasks were prepared containing 10g, 30 g, 50 g, 70 g, and 90 g 
of each of the copper media mixtures. The flasks were covered with parafilm to avoid external 
disturbances then mixed thoroughly on a shaking platform for 12 hours at 200 rpm. The solution 
was extracted from the flasks, filtered using 0.45 µm filtered, and analyzed using the USEPA 
Bicinchoninate method no. 8506. Triplicates were prepared for each test. 
Once the 12 hour isotherm is complete, the media mix with the greatest removal 
efficiency and equilibrium adsorption capacity (q) will be chosen.  This mix will be used to 
estimate the amount of removal and qo of the media under shorter residence times simulating the 
media application in a baffle box. An isotherm of 10 g, 50g, and 90 g of the selected media will 
be conducted under the same conditions but using a 0.5 hour and 1.0 hour residence time to 
closer simulate the baffle boxes retention time.  These removal efficiencies under multiple 
retention times were compared using the Freundlich and Langmuir isotherms given below: 
Langmuir isotherm equation: (1/q) = (1/(qmaxKads)) * (1/C) + (1/qmax)          (4) 
Freundlich isotherm equation: log q = log K + (1/n) log C                                (5) 
where: q = Sorbed concentration [mass adsorbate/mass adsorbent]; qmax = Maximum 
capacity of adsorbent for adsorbate [mass adsorbate/mass adsorbent]; Kads = Measure of affinity 
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of adsorbate for adsorbent; K = Capacity adsorbent [mass adsorbate/mass adsorbent]; C = 
Aqueous concentration of adsorbate [mass/volume]; n = Measure of how affinity for the 
adsorbate changes with changes in adsorption density.  
 
More information on the isotherm (Freundlich and Langmuir) equations calculated for each test 
is listed in Appendix A. 
3.2.2 Material Characterization 
 Determining the physical properties of the copper adsorption media, including density, 
specific gravity, void ratio, porosity, and surface area, are necessary to be able to estimate results 
when the media is applied.  Procedures and equations used are listed in Appendix B.  
 
3.3 Results and Discussion  
 
3.3.1 Material Characterization 
 The properties investigated included particle size distribution curve, bulk density, 
porosity, surface area, hydraulic conductivity, void ratio, and copper adsorption.  The particle 
size distribution curve (Figure 3.1) shows that 60% of the grain size was 4 to 9 mm in diameter, 
which is rather large and would be beneficial in a filter in the reduction of head loss.  The bulk 
unit density (476 kg∙m
-3
) and voids in aggregate (0.403) defined in Table 3.3 are important with 
respect to determining the mass of media able to apply in a sorption media reactor, such as a 
baffle box.  Using the density, the mass of media can be calculated as well the adsorption 
capacity of the media.  The porosity of the media (0.348) aids in the calculation of the amount of 





) assists in the determination of the capacity for biofilm growth.  
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Table 3.3. Material Characterization of the Most Efficient Nutrient and Copper Sorption 
Media Selected. 





Void Ratio (dimensionless) 0.6105 
Porosity (dimensionless) 0.3791 










Figure 3.1. Particle size distribution curve of copper sorption media mix 1. 
 
3.3.2 Isotherm Results 
 
 Color leaching from peanut shells in copper mix 2 lead to interferences in Hach® copper 
concentration analysis and the inability to determine the copper removal.  The more media that 
was used, the greater the color interference and giving a perception that there was decreased 
removal (Table 3.4) as more media was used in the isotherms, which theoretically should not be 























Grain Size, D (mm) 
56 
 
The copper mix 1 was then subject to a 1 hour and 0.5 contact time isotherm test under the same 
conditions to compare removal. These results are presented in Table 3.5.   
 















(a) Copper mix 1 isotherm results 
 1 10 0.060 0.01 94.00 
2 30 0.050 0.01 95.00 
3 50 0.057 0.00 94.33 
4 70 0.027 0.02 97.33 
5 90 0.037 0.01 96.33 
(b) Copper mix 2 isotherm results 
1 10 0.100 0.01 90.00 
2 30 0.087 0.00 91.33 
3 50 0.083 0.01 91.67 
4 70 0.110 0.01 89.00 
5 90 0.130 0.01 87.00 
     














(a)  isotherm results 12 hr contact time 
 1 10 0.060 0.01 94.00 
2 30 0.050 0.01 95.00 
3 50 0.057 0.00 94.33 
(b) isotherm results 1.0 hr contact time Copper mix 1 isotherm 
results 
1 10 0.320 0.01 68.00 
2 30 0.140 0.02 86.00 
3 50 0.080 0.01 92.00 
 (c) isotherm results 0.5 hr contact time 
 
1 10 0.450 0.05 55.00 
2 30 0.147 0.03 85.33 




 The data from the 12 hour isotherms were fit to Langmuir and Freundlich equations. 
(Figure 3.2). Although the isotherms conducted at 12 hours did not have good correlation (Figure 
3.3), the isotherms conducted at 1 and 0.5 hours had a much greater fit (R
2
=0.988, 0.970). The 
poor correlation (R
2
= 0.477) of the 12 hour isotherm was due to the closeness of effluent 
concentrations and removal efficiencies which offset the line of the slope generated, which 
consequently affects the equilibrium maximum adsorption (q) found for the media (Table 3.6).  
From these equations, the maximum capacity of adsorbent can be calculated based on the 
influent concentrations. 
    
(a)           (b) 
Figure 3.2. Langmuir (a) and Freundlich (b) isotherm data for copper removal by copper 
mix 1(clay, tire, coconut coir) for a 12 hour contact time.  





y = 8.618x - 31.547 

























y = 1.7771x + 0.2711 
















   
(a)          (b)  
Figure 3.3. Langmuir isotherm data for copper mix 1 removal by (a) 1 hour contact time 
and (b) 0.5 hour contact time. 
  
 The results of these tests were mainly abiotic being that the clay and coconut coir were 
oven dried at 105°C making it not possible for bacteria to grow on the media in such a short time 
span before the initiation of the experiment and seeding of bacteria from distilled water spiked 
with copper was not likely.  Therefore, the media’s capability of removing copper is mainly 
physiochemical.   Due to the color leaching from peanut shells in copper mix 2 creating 
interferences in Hach® copper concentration analysis, mix 2 was determined not suitable for 
further testing.  
  
Table 3.7 shows the adsorbed/absorbed concentration (q) calculated for 1 gram of copper 
adsorption media, which will be able to derive the total amount of copper able to be removed 
when given a mass of media.  The theoretical calculation of the qmax for Langmuir isotherms and 
the K for Freundlich isotherms are not accurate from this data due to low concentrations 
evaluated, without getting a wide enough evaluation range. Therefore, the maximum sorbed 
concentration (q) were only evaluated within the range of the influent concentrations when the 
influent concentrations were equal to 1mg∙L
-1
-Cu  and 0.5 mg∙L
-1
-Cu. 
y = 29.291x - 32.664 






















y = 37.387x - 32.251 












































Cu 0.5 y=37.39x-32.25 0.967 0.0267 -0.861 -0.0310 0.1955 
Cu 1.0 y=29.29x-32.66 0.988 0.0341 -1.114 -0.0306 0.2967 
Cu 12.0 y=8.618x-31.55 0.4774 0.116 -3.660 -0.0317 0.0436 
*Note y=1/q and x=1/C, q in terms of mg∙g
-1
 and C in mg∙L
-1
 unless noted. 
 
Table 3.7. Average maximum copper absorption equilibrium, q (µg∙g
-1
), for varying HRT 
and influent concentrations as determined from the isotherm studies. 
Influent 
Concentration, Co  
12.0 hrs. 1.0 hrs. 0.5 hrs. 
0.25 mg∙L
-1
-Cu 342.2 11.83 8.525 
0.50 mg∙L
-1
-Cu 69.88 33.88 23.53 
1.00 mg∙L
-1
-Cu 43.60 296.7 195.5 
 
3.4 Final Remarks 
 Elevated copper concentrations in stormwater ponds due to automobiles, copper 
containing structures, and treatment with copper sulfate have the potential to destroy the 
structure, physiology, and metabolism of the beneficial biofilm that has grown on the media, has 
motivated the creation of a copper sorption media.  After a literature review was conducted on 
materials effective at removing the copper, materials were selected on the basis removal 
efficiencies as evidenced in the literature, available surface area, particle size (to avoid clogging 
and excessive head loss), cost level, availability in Florida, and additional benefits, two mixtures 
were created.  After conducting isotherm tests to fit the Langmuir and Freundlich models, the 
maximum equilibrium adsorption were calculated for an influent concentration of 1.0 mg∙L
-1
-Cu 
at a residence time of 1.0, and 0.5 hours to be 296.7 µg∙g
-1
 and 195.5 µg∙g
-1
 respectively.  These 
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values demonstrate efficient copper removal, and may be used to estimate the maximum amount 
of copper when applied in a media bed reactor. 
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CHAPTER 4: PHYSIO-CHEMICAL PROPERTY CHARACTERIZATION 




4.1.1 Phosphorus Impacts on the Environment  
 Phosphorus is referenced in the 1998 Section 303(d) List Fact Sheet for Florida by the 
US EPA that nutrient impairment is the most common surface water body impairment in Florida.  
Phosphorus is a necessary component for plants to convert sunlight into usable energy and 
essential for plan growth and reproduction.  Phosphates, in the inorganic form, are preferred for 
plant uptake and excessive inputs may exceed a pond’s capacity and result in eutrophication. 
This progression can reduce oxygen for aquatic organisms and increase organic matter 
decomposition which may restrain a healthy aquatic ecosystem. As a result of this harmful cycle, 
algal blooms can gradually cover the entire pond surface, blocking sunlight penetration into the 
water column, leading to further ecological degradation (Jeffrey, 1998) and raising human health 
concerns.   One of these human health issues involves the drinking water industry, where taste 
and odor effects of certain algae species have been linked to eutrophication.  Recently the 
industry recognized other consequences of trihalomethanes and chlorinated byproducts as a 
result of chlorinating with increased organics in the water due to eutrophication (Palmstrom, 
1988). 
 The geology and land use of a watershed determines the nutrient input of the water body. 
These sources of excessive phosphates are typically from fertilizer runoff.  Because 
eutrophication is variable and biologically dependent, there may be surface waters wherein lower 
concentrations or loading rates produce high eutrophy as well as situations were concentrations 
are higher but do not cause nuisance algal spikes. 
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 Research has focused on the understanding, regulation, and mitigation on of phosphorus 
contamination in to freshwater bodies because eutrophication is problematic worldwide. 
Although no national criterion or regulations for phosphorus concentrations exist, the EPA has 
suggested critical loading levels for ponds (EPA, 1986).  In larger surface waters, such as lakes, 
wetlands, and streams, concentrations of phosphorus in the United States are addressed by the 
Clean Water Act (CWA) and the subsequent National Pollutant Discharge Elimination (NPDES) 
permits.  The CWA requires that all states implement guidelines to regulate pollutant mass 
loading of stormwater prior to its discharge into receiving water bodies (White and Boswell, 
2006).   These water quality standards are used as target concentrations to protect the public’s 
health and welfare, enhance the quality of the water, and serve the purposes of the CWA.  
Consequences of violating these phosphorus standards or total maximum daily loads (TMDL) for 
a water body may lead to the impairment of its beneficial uses such as drinking water, cold water 
fisheries, industrial water supply, recreation, and agricultural water supply. 
4.1.2 Literature Review of Phosphorus Sorption Media  
 Of the many BMPs that may be used to reduce phosphorus, one such method is the use of 
sorption media filters composed of clay, sand, organic materials, or engineered compounds to 
remove more SRP and TP (Chang et al., 2010; Wanielista et al., 2008; Xuan et al., 2009 (a)).  
These filters used are capable of removing phosphorus by physical, chemical, and biological 
means, as well as be used to remove nitrogen species biologically via nitrification and 
denitrification (Xuan et al., 2009 (b)).  A media’s removal efficiency of phosphorus is influenced 
by many factors including pH, chemical composition of material, and element competition in the 
contaminated water.  Because all stormwater runoff may have a different chemical composition, 
different interferences in the absorption of orthophosphate may occur.   
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 A wide variety of sorption media has been effective at reducing nutrient levels for 
stormwater, including recycled material mixtures (Wanielista et al., 2008); mineral-based 
mixtures such as marble chips (Sengupta and Ergas, 2006) and oyster shells (Namasivayam et 
al., 2005); and organic materials such as leaf mulch (Ray et al., 2006), wood chips (Seelsaen et 
al., 2006), and alfalfa (Kim et al., 2003).  Though, many of these materials have been found 
extremely effective at adsorbing phosphorus, they may not be applicable in a sorption media 
reactor under flow conditions.  After a literature review of phosphorus removal efficiencies and 
absorption properties of multiple materials, the materials were evaluated for: 1.) removal 
efficiencies as evidenced in the literature; 2.) available surface area; 3.) particle size  to avoid 
clogging of the baffle box; 4.) cost; 5.) availability in Florida; and 6.) additional benefits. Two 
mixtures were created using literature information (Table 4.1) to be low cost and can be termed 
“green” with the inclusion of recycled material.      
Table 4.1 Literature Review of Sorption Media Used by Different Researchers to Treat 
Wastewater (Adapted from Chang et al., 2010) 






1 Sandy Coastal Soil   Harris et al. 
(1996) 
2 Compost O/G, heavy metals Maple & elm leaf 
compost 
Richman (1997) 
3 Peat   DeBusk et al. 
(1997) Wollastonite  
Limerock  
Sand with quartz  
4 Alfalfa  D<4.00mm Kim et al. 
(2000) Leaf mulch compost  D<2.00mm 
Sawdust   D<2.00mm 
Wheat straw   D<4.00mm 
Wood chips   D<2.00mm 
Newspaper  D(average)<4.00mm 
Sulfur  Large particles 2.00- 










Limestone   
5 Crushed piping materials Organics  Li et al. (2000) 
6 Iron Sulfide    Tesoiero et al. 
(2000)  
7 Peat  Cu, Fe, Pb, Zn  Clark et al. 




Activated carbon  
8 Natural sand (bank filtration) PAHs Aspen wood fibers 
composed of 51% 
cellulose, 26% 
hemicellulose, 21% 
lignin, and 1% ash 
Tufenkji et al. 
(2002) 




10 Clay Cd, Pb, Ni  Lazaridis (2003) 
11 Zeolites   Birch et al. 
(2005) 
12 Opoka   Braun-Howland 
(2003) 
13 Waste medium density 
fiberboard (MDS) sawdust 
  Gan et al. (2004) 
14 Wood fibers PAHs Aspen wood fibers 
composed of 51% 
cellulose, 26% 
hemicellulose, 21% 
lignin, and 1% ash 
Boving and 
Zhang (2004) 
15 Mulch Lead, TSS, oil and 
grease 
 Hsieh and Davis 
(2005) Soil Sandy loam 
Sand Sand 
16 Zeolites Cu, Pb, Zn  Birch et al. 
(2005) Pure Quartzitic Sand  








Bentonite  4%-8% CaCO3 
Steel slag   
Chitin    




and other  
18 Hard wood mulch Cu, Cd, Cr, Zn, 
Pb, DCB, NP, FA, 
BP 
Sliver maple, Norway 
maple, red oak, and 
cherry mulch; size 
4,760 um 
Ray et al.(2006) 
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 19 Wood fibers Zn, Cu D = 4 mm Seelsaen et al. 
(2006) Sand  
Zeolites  
Glass D = 4 mm 
Ash  
Compost  
20 Iron sulfide   Baeseman et al. 
(2006) 
21 Metallic iron  D= 0.006-0.01 mm; 





Huang et al. 
(2006) 
Clinoptilolite  Fe D = 0.18- 4 MM 
*BP, Benzopyrene; D, diameter of the media; DCB, dichlorobenzene; FA, fluoranthene; NP, 
naphthalene; O/G, oil and grease, TSS, total suspended solids 
 
 The physiochemical properties of the media are imperative in determining pollutant 
removal from stormwater. These physical characteristics will aid in the understanding of the 
chemical behavior and hydraulics of the sorption media.  The investigation of these 
characteristics will allow the replication and multiplication of media for application as well as 
assist in insuring similar removal efficiency.  
 The physical and chemical properties of the sorption media to remove stormwater 
pollutants can be documented.  The properties of interest that are investigated include particle 
size distribution curve, bulk density, porosity, surface area, hydraulic conductivity, void ratio, 
and phosphorus adsorption. Particle size distribution curve will give an idea of the grain size of 
the media or soil and the amount of each sized particle in the distribution.  The bulk unit density 
and voids in aggregate will be important in proportioning the media mix and determining the 
mass/volume relationship. All of these properties play into the adsorption capacity of the media 
as well as the capacity of a biofilm to grow. These characteristics and adsorption properties of 
the media allow the screening of material to be used as part of the media mixtures.  
70 
 
 Phosphorus removal characteristics of the media via adsorption are important concepts to 
understand in order to find the amount of water able to be treated and treated and the extent of 
maximum removal.  Adsorption varies under many conditions, but only two will be manipulated 
in the column tests; influent concentration and residence times.  The sorption of phosphorus in 
soil/sediments was shown to be greater under aerobic conditions (Nurnberg, 1988).   
 The Thomas model can be used to predict the breakthrough curve for adsorption and ion 
exchange for gases and liquids (Mustafa and Ebrahim, 2010). Developed in 1944, it is one of the 
most general and widely used models for adsorption. It is based on second-order reaction 
kinetics and the assumption of Langmuir isotherm to give an analytical solution that allows for a 
nonlinear equilibrium relationship (Mustafa and Ebrahim, 2010). Based on previous literature of 
these materials used as sorption media for nutrient removal (Chang et al., 2010; Wanielista et al., 
2008; Xuan et al., 2009 (a)), it was hypothesized that media would adsorb orthophosphate at a 
high efficiency which should decrease with less exposure or HRT with the orthophosphate 
solution.   
 
Science Questions How much orthophosphate can the media able to remove and how does this 
vary with contact time? Which mix outperforms the other to be selected for application? What 
are the physical properties of the each media mix which will influence its adsorption 
characteristics? 
4.1.3 Chapter Objectives 
 Conduct phosphorus adsorption isotherms to find the mass absorbent removed per mass 
of media (equilibrium media uptake (q); mg∙g
-1
). 
 Select the outperforming media mix by comparison of removal efficiencies and 
equilibrium media uptake of the isotherm tests. 
 Using the selected BAM mix, vary the contact time (0.5 and 1 hr) in the isotherm tests to 





 Using ASTM standards, determine porosity, void ratio, specific gravity, bulk density, 
particle size distribution, and surface area 
 Conduct breakthrough column tests on the selected BAM mix to determine and compare 







 The media for the following experiments was oven dried at 105°C, with the exception of 
the tire chip which was air-dried for at least 1 week. The components for the two mixes 
(prepared by volume) used for isotherm testing are presented in Table 4.2.  All analysis methods 
used to determine orthophosphate and total phosphorus are presented in Table 4.3 and were all 
filtered using 0.45 µm filters.  
Table 4.2. Component of the two BAM mixtures by volume that will be tested for nutrient 
removal. 
BAM Mix 1 BAM Mix 2 
50% Citrus Sand 50% Citrus Sand 
20% Limestone 20% Tire Crumb 
15% Tire Crumb 20% Expanded Clay 
15% Expanded Clay 10% Limestone 
 
Table 4.3. Hach Test Method used to Determine Ortho- and Total Phosphorus 
Concentrations 




Orthophosphate-P USEPA PhosVer®3 (ascorbic acid) 
method 
Method 8048 0.02-1.60 
Total Phosphorus-P USEPA PhosVer®3 acid persulfate 
digestion method 







4.2.1 Isotherm Tests 
 Adsorption is the increase in concentration of a particular component at the surface or 
interface between two phases. The atoms at the surface are subject to unbalances forces of 
attraction and extensions acting within the body of the material. Isotherm shapes the basis for 
interpretation of classical breakthrough curves by the use of fixed-bed column models.  
Prediction of the effluent concentration breakthrough curves may be carried out using a fixed-
bed column model. The experimental adsorption data can be fitted using established models to 
determine their appropriate parameters necessary to optimize the adsorption process in 
application.  The anticipated application for the media will be in a baffle box designed with a 
constant flow using a pump, the column studies should be a close representative of the 
adsorption achieved when applied in the field. 
 To prepare the isotherm testing, a volume of 300 mL of a 1 mg∙L
-1
-P solution is added to 
each of five 500 mL flasks filled with 50g, 100 g, 150 g, 200 g, and 250 g  a nutrient media 
mixture. The flasks were covered with parafilm to avoid external disturbances then mixed 
thoroughly on a shaking platform for 12 hours at 200 rpm. The solution was extracted from the 
media, filtered using 0.45 µm filters, and analyzed using the HACH test n tube™ kits for 
phosphate and total phosphorus. Triplicates were prepared for each test.  
After the completion of the 12 hour isotherm, the media mix with the greatest removal 
efficiency and equilibrium adsorption capacity (q) was chosen.  This mix was used to estimate 
the amount of removal and qo of the media under shorter residence times simulating the BAMs 
application in a baffle box. An isotherm of 50g, 150g, and 250 g of the selected media will be 
conducted under a 0.5 hour and 1.0 hour HRT closer simulate the baffle boxes retention time.  
The results of the isotherm were then compared using the isotherm equations given below:  
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Langmuir isotherm equation: (1/q) = (1/(qmaxKads)) * (1/C) + (1/qmax)          (6) 
Freundlich isotherm equation: log q = log K + (1/n) log C                                (7) 
where: q = Sorbed concentration [mass adsorbate/mass adsorbent]; qmax = Maximum 
capacity of adsorbent for adsorbate [mass adsorbate/mass adsorbent]; Kads = Measure of affinity 
of adsorbate for adsorbent; K = Capacity adsorbent [mass adsorbate/mass adsorbent]; C = 
Aqueous concentration of adsorbate [mass/volume]; n = Measure of how affinity for the 
adsorbate changes with changes in adsorption density. 
 
More information on the isotherm (Freundlich and Langmuir) equations calculated for 
each test is listed in Appendix A. 
4.2.2 Material Characterization 
 It is very important to understand the physical properties (i.e. density, specific gravity, 
void ratio, porosity, and surface area) of the media mixtures.  This section helps characterize and 
standardize the media.  It is important for the determination of many properties in application 
such as density and porosity which are essential to understand its flow rate and expected 
performance.  Methods and equations used for this section are listed in Appendix B.  
4.2.3 Breakthrough Column Tests 
 Phosphorus absorption is one method used to remove phosphorus from the water column. 
The breakthrough curve is developed using a continuous feeding influent containing a target 
substance placed into a column packed with the adsorbent (media) being tested (Lin et al., 2013). 
To design such an adsorption process, it is important to understand the kinetic characteristics of 
the adsorbent and adsorbate(s).  Breakthrough curves may be the most common basis for 
Isotherm shapes and were the basis for interpretation of classical breakthrough curves by 
Glueckauf absorbent behavior assessments. Breakthrough curves are a large function of 
residence time, adsorbent concentration, mass of adsorbent, as well as other operating conditions.  
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The results of the breakthrough curve may vary to account for other effects such as diffusion, 
dispersion, and reaction kinetics.   
 The column experiment was prepared using three Plexiglas columns with a diameter of 
5.08 cm (2.0 inches) and a length of 30.48 (1.0 ft.).  All joints of the column were created leak 
proof by using pipe threat sealant and silicon.  A filter was placed at the bottom to prevent the 
outward flow of finer particles and glass beads and a filter were placed at the top to assist 
dispersion. Flow through the column was continuous until adsorption leveled off. Values from 
the column experiment were fit to the Thomas model to determine the maximum adsorption 
equilibrium, which is given below: 
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Non-linear Form:      (
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Where:  
 Ce=Effluent Concentration (mg∙mL
-1
) 
 Co =Influent Concentration (mg∙mL
-1
) 





 qo =equilibrium media uptake (mg∙g
-1
) (when Ce=Co) 
 m=Total media mass in the column (g)  
 Q= Volumetric flow rate (mL∙min
-1
)  
 V= Throughput volume (mL)  
 
Addition information on the calculation of the Thomas Model equations and methods used are 





Figure 4.1. Schematic set up of the triplicate column study.   
 
4.2.4 Statistical Analysis 
               To determine whether the adsorption curves generated by Figure 4.12, Figure 4.13, and 
Figure 4.14 are significantly different from each other as a result of manipulating the influent 
concentration or residence time within the column, the data was fit to a linear model and a two 
tailed t-test was used.  The raw data from each column was linearized by plotting ln[(Co/Ce) -1] 
vs. t. (Figure 4.9; Figure 4.10; Figure 4.11). Each analysis was considered significant at a 
confidence interval of 95% (α=0.05).  
          A linear model was used to compare the differences in the adsorption curves generated by 
differing influent concentrations.  The linear model used for comparison analysis was given as 
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 ̂                                     . Where  ̂ is               
and        is an indicator variable that takes on the value 1 when the Co is "1" and takes on 
the value 0 otherwise. Statistical analyses were performed using R statistical software to define 
variability in orthophosphate removal. The linear model used for prediction for  ̂          
                and otherwise, the prediction for  ̂                 .  There will 
be some significant differences in the orthophosphate adsorption curves (Figure 4.12 vs. Figure 
4.14) generated by changing the residence time within the column between 18 minutes and 60 
minutes. 
            For a two tailed t- test, the hypothesis for the analysis to determine the intercepts is that:  
 Ho: β0= 0 
 H1 : β0 ≠ 0 
The interpretation of this p-value is that the null hypothesis is that the null hypothesis is accepted 
and the regression coefficient is zero.  If the null is rejected, the regression coefficients 
representing the slope of the line are significantly different. The same goes for the prediction of 
the slope having a hypothesis analysis of Ho: β3= 0 and H1 : β3 ≠ 0.  These results will indicate if 
there is significant differences in the slope and intercept of the orthophosphate adsorption curves 
(Figure 4.12 vs. Figure 4.13) generated by changing the influent concentrations of the column 





            To compare the differences in the adsorption curves generated by differing hydraulic 
retention times in the columns (18 min. vs. 60 min.), the data was fit to a linear model. The 
adsorption curves generated by Figure 4.12 and Figure 4.14 are significantly different from each 
other as a result of using different hydraulic residence times, the data was fit to a linear model 
and a t-test was used.  The raw data from each column was linearized by plotting ln[(Co/Ce) -1] 
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vs. t. (Figure 4.9 and Figure 4.11) to be able to fit a linear model.  The linear model used for 
comparison analysis was given as: 
 ̂                                                             . 
Where  ̂ is               and                     is an indicator variable that takes on 
the value 1 when the Retention time is "60" and takes on the value 0 otherwise.  Each analysis 
was considered significant at a confidence interval of 95% (α=0.05).  Statistical analyses were 
performed using R statistical software to define variability in orthophosphate removal. The linear 
model used the prediction for  ̂ is  ̂                                    and 
otherwise, the prediction for  ̂ is  ̂                          .   
 For a two tailed t- test, the hypothesis for the analysis to determine the intercepts is that:  
 Ho: β0= 0 
 H1 : β0 ≠ 0 
The interpretation of this p-value is that the null hypothesis is that the null hypothesis is accepted 
and the regression coefficient is zero.  If the null is rejected, the regression coefficients 
representing the slope of the line are significantly different. The same goes for the prediction of 
the slope having a hypothesis analysis of Ho: β3= 0 and H1 : β0 ≠ 0. These results will indicate if 
there is significant differences in the slope and intercept of the orthophosphate adsorption curves 
(Figure 4.12 and Figure 4.14) generated by changing the residence time within the column 






4.3  Results and Discussion 
 
4.3.1 Material Characterization 
 The properties of interest that are investigated include particle size distribution curve, 
bulk density, porosity, surface area, hydraulic conductivity, void ratio, and phosphorus 
adsorption.  The bulk unit density (1387.5 kg∙m
-3
) and voids in aggregate (0.3696) defined in 
Table 4.4 are important with respect to determining the mass of media to be apply in a sorption 
media reactor with known dimension.  Using the density, the mass of media is able to be 
calculated as well the adsorption capacity of the media.  The porosity of the media (0.2699) aids 
in the calculation of the amount of water able that can be treated and the residence time within a 




) assists in determining of the 
capacity of a biofilm to grow upon. The particle size distribution curve (Figure 4.2) shows that 
60% of the grain size of the BAM is less that 1 mm in diameter, which is rather small and has 
potential to create head loss and clogging within a filter.  Less than 10% of the media had grain 
diameter sizes larger than 2 mm which are mostly account for by the pea gravel limestone 
(Figure 4.2). 
Table 4.4. Material Characterization of the Most Efficient BAM Nutrient Sorption Media 
Selected. 





Void Ratio (dimensionless) 0.3696 
Porosity (dimensionless) 0.2699 











Figure 4.2. Particle size distribution curve of nutrient sorption media mix 2. 
 
4.3.2  Isotherm Results 
 The results of these tests were mainly abiotic being that the clay, sand, and limestone 
were oven dried at 105°C making it not possible for bacteria to grow on the media in such a short 
time span before the initiation of the experiment and seeding of bacteria from distilled water 
spiked with orthophosphate was not likely.  Therefore, BAMs capability of removing phosphorus 
is mainly physiochemical.    
 The findings in the 12 hour isotherm tests (Table 4.5) comparing the two BAM mixes 
confirm that Mix 2 outperformed Mix 1.  Using 250 g of each mix to compare removal 
efficiencies of ortho-P and total soluble P respectively, BAM mix 1 removed 72.7% and 68.4% 
while BAM mix 2 removed 81.7% and 82.9%.   This is most likely due to the greater ratio of 
expanded clay and tire present in Mix 2 (20%expanded clay, 20% tire crumb, 10% limestone), 
which have greater adsorption capabilities than limestone.  Mix 1 had a greater ratio of limestone 























Grain Size, D (mm) 
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rather than adsorb it. Conclusively, mix 2 with greater sorption capabilities rather than 
phosphorus precipitation outcompeted in phosphorus removal and was chosen to proceed with 
the additional isotherm and column testing. 















(a) Orthophosphate isotherm results 
 1 50 0.648 0.053 35.19 
2 100 0.561 0.028 43.95 
3 150 0.391 0.030 60.91 
4 200 0.296 0.021 70.42 
5 250 0.273 0.012 72.71 
(b) Total soluble phosphorus isotherm results 
 1 50 0.669 0.045 33.05 
2 100 0.575 0.043 42.48 
3 150 0.407 0.024 59.33 
4 200 0.336 0.017 66.41 
5 250 0.316 0.021 68.43 
 















(a) Orthophosphate isotherm results 
 1 50 0.561 0.061 43.87 
2 100 0.503 0.038 49.72 
3 150 0.318 0.022 68.18 
4 200 0.244 0.013 75.56 
5 250 0.171 0.017 82.95 
(b) Total soluble phosphorus isotherm results 
1 50 0.595 0.052 40.46 
2 100 0.528 0.019 47.19 
3 150 0.366 0.024 63.43 
4 200 0.264 0.010 73.59 




 The data from the 12 hour isotherms were fit to Langmuir and Freundlich equations 
(Figure 4.3; Figure 4.5).  From these equations generated, the maximum capacity of adsorbent is 
able to be calculated based on the influent concentrations. The adsorption equilibrium uptake 
calculated (Table 4.4) from the Langmuir isotherm for an influent concentration of 1 mg∙L-1 
found for mix 1 and mix 2 was 2.278 µg∙g-1 and 2.335 µg∙g-1 respectively for orthophosphate 
and 2.426 µg∙g-1 and 2.2038 µg∙g-1 respectively for total phosphorus.  Although nutrient mix 2 
had a slightly less q calculated for ortho-P removal, it was still selected to use due to its 
consistently greater removal efficiency.   
 
 
(a)         (b) 
Figure 4.3. Langmuir isotherm data for nutrient mix 1 for (a) orthophosphate and (b) total 
soluble phosphorus.  
y = 335.36x + 76.829 
























y = 244.67x + 196.37 


























     
(a)           (b) 
Figure 4.4. Freundlich isotherm data for nutrient mix 1 for (a) orthophosphate and (b) 
total soluble phosphorus.  
 
   
(a)                          (b) 
Figure 4.5. Langmuir isotherm data for nutrient mix 2 for (a) orthophosphate and (b) total 
soluble phosphorus for a 12 hour contact time. 
y = 0.789x - 2.5947 











y = 0.9243x - 2.5931 











y = 127.6x + 303.6 
























y = 130.56x + 360.12 

























   
(a)           (b) 
Figure 4.6. Freundlich isotherm data for nutrient mix 2 for (a) orthophosphate and (b) 
total soluble phosphorus for a 12 hour contact time. 
 
Table 4.7 . Langmuir isotherm for adsorption of phosphorus chemical species  
Chemical 
Species 
















PO4-P Nutrient 1 y=244.7x+196.4 0.856 0.00409 0.803 5.092 2.278 
PO4-P Nutrient 2 y=127.6x+303.6 0.814 0.00784 2.380 3.293 2.335 
TSP-P Nutrient 1 y=335.4x+76.8 0.877 0.00298 0.229 13.021 2.426 
TSP-P Nutrient 2 y=130.7x+360.1 0.773 0.00766 2.758 2.778 2.038 
*Note y=1/q and x=1/C, q in terms of mg∙g
-1
 and C in mg∙L
-1
 unless noted. 
 





















PO4-P Nutrient 1 y=0.789x-2.597 0.832 1.267 0.002593 2.593 
PO4-P Nutrient 2 y=0.662x-2.523 0.769 1.511 0.002999 2.999 
TSP-P Nutrient 1 y=0.924x-2.593 0.859 1.082 0.002553 2.553 
TSP-P Nutrient 2 y=0.621x-2.585 0.758 1.610 0.002600 2.600 
*Note y=logq and x=log C, q in terms of mg∙g
-1
 and C in mg∙L
-1
 unless noted. 
 
 The isotherm studies showed the decreased removal efficiencies when the nutrient media 
was exposed to the orthophosphate solution for less amount of time (1 hour and 0.5 hour), which 
y = 0.6615x - 2.5227 












y = 0.6214x - 2.5849 














would be expected (Table 4.9; Table 4.10). The total soluble phosphorus removals remained 
slightly less than the ortho-P concentrations due to transformations in chemical structures.   
 















(a) Orthophosphate isotherm results- 12 hours 
1 50 0.561 0.061 43.87 
2 150 0.318 0.022 68.18 
3 250 0.171 0.017 82.95 
(b) Orthophosphate isotherm results- 1 hour 
1 50 0.813 0.020 18.67 
2 150 0.555 0.010 44.48 
3 250 0.452 0.017 54.77 
(c) Orthophosphate isotherm results- 0.5 hour 
1 50 0.747 0.013 15.68 
2 150 0.411 0.013 36.94 
3 250 0.247 0.008 45.85 
 
 















(a) Total soluble phosphorus isotherm results- 12 hours 
1 50 0.595 0.052 40.46 
2 150 0.366 0.024 63.43 
3 250 0.183 0.029 81.71 
(b) Total soluble phosphorus isotherm results- 1 hour 
1 50 0.807 0.034 19.26 
2 150 0.516 0.005 48.42 
3 250 0.455 0.021 54.53 
(c) Total soluble phosphorus isotherm results- 0.5 hour 
1 50 0.841 0.045 15.86 
2 150 0.655 0.010 34.52 




 The isotherm data collected gives the maximum performance expectation for the 
concentrations being evaluated (Figure 4.7; Figure 4.8). Nutrient mix 1 was selected due to its 
greater adsorption capabilities over nutrient mix 2. The theoretical calculation of the qmax for 
Langmuir isotherms and the K for Freundlich isotherms are not accurate from this data due to the 
low concentrations evaluated. Therefore, the maximum q and K values were calculated for 
concentrations within a closer range  
Table 4.13). For example, a concentration of 1 mg∙L
-1
-P was used due to the fact that pond 
phosphorus concentrations are rarely greater than 2 mg∙L
-1
-P.  
   
               (a)          (b) 
Figure 4.7. Langmuir isotherm data for nutrient mix 2 for (a) orthophosphate and (b) total 
soluble phosphorus using a 1 hour contact time. 
   
            (a)          (b) 
y = 625.93x + 85.716 



















y = 596.06x + 73.95 



















y = 1106.4x - 291.88 





















y = 1142x - 302.99 






















Figure 4.8. Langmuir isotherm data for nutrient mix 2 for (a) orthophosphate and (b) total 
soluble phosphorus using a 0.5 hour contact time. 
After the media was subject to orthophosphate solution for a 1.0 hour and 0.5 hour contact time, 
less removal was observed.  For an influent concentration of 1 mg∙L
-1
, using the Langmuir 
equation (Table 4.11), a maximum orthophosphate equilibrium uptake (q) was the greatest for 
the longest residence time of 12 hours (2.335 µg∙g
-1
) and decreased for less residence times of 1 
hour (1.405 µg∙g
-1
) and 0.5 hour (1.228 µg∙g
-1
). If the Freundlich equation, which showed less 
correlation to the data (Table 4.12), is used to calculate these values, greatest amount of 
orthophosphate is removed when the media is exposed for only one hour.  The total soluble 
phosphorus follows the same trends for both isotherm equations. 






















PO4-P 0.5 y=1106.4x-291.9 0.938 0.00090 0.238 -3.426 1.228 
PO4-P 1.0 y=625.9x+85.72 0.941 0.00160 0.137 11.66 1.405 
PO4-P 12.0 y=127.6x+303.6 0.814 0.00784 2.380 3.294 2.335 
TSP-P 0.5 y=1142x-303.0 0.999 0.00088 0.265 -3.330 1.192 
TSP-P 1.0 y=596.1x+73.95 0.738 0.00168 0.123 13.52 1.492 
TSP-P 12.0 y=130.7x+360.1 0.773 0.00766 2.758 2.777 2.038 
*Note y=1/q and x=1/C 
 























PO4-P 0.5 y=163.9x+444.0 0.999 0.00610 0.001645 1.645 
PO4-P 1.0 y=193.3x+100.5 0.693 0.00517 0.004318 4.318 
PO4-P 12.0 y=0.662x-2.523 0.769 1.511 0.002999 2.999 
TP-P 0.5 y=260.7x+428.7 0.972 0.00384 0.001451 1.451 
TP-P 1.0 Y=568.2x-386.1 0.520 0.00176 0.005489 5.489 
TP-P 12.0 y=0.621x-2.585 0.758 1.610 0.002600 2.600 
*Note y=logq and x=log C,  q in terms of mg∙g
-1
and C in mg∙L
-1




Table 4.13. Average orthophosphate absorption equilibrium uptake, q (µg∙g
-1
), for varying 
residence times and influent concentrations as determined from the isotherm studies. 
Influent 
Concentration, Co  
12.0 hrs 1.0 hrs 0.5 hrs 
0.25 mg∙L-1-P 1.123 0.386 0.242 
0.50 mg∙L-1-P 1.790 0.748 0.520 
1.00 mg∙L-1-P 2.335 1.405 1.228 
 
 The theoretical calculation of the qmax for Langmuir isotherms and the K for Freundlich 
isotherms are not accurate from this data due low concentrations evaluated, without getting a 
wide enough evaluation range therefor, the maximum adsorption equilibrium uptake (q) values 
were evaluated within the range of the influent concentrations when Co= 1.0 mg∙L
-1
-P and Co= 
0.5 mg∙L
-1
-P.  This evaluation is much more relevant to the concentrations being evaluated due 




4.3.3 Column Test and Thomas Model Results 
 The graphs of ln[(Ce/C0) -1] vs. t  are first plotted (Figure 4.9; Figure 4.10; Figure 4.11) 
from the data analyzed from the column tests until the effluent concentration reached less than 
20% removal.  From these plots, the calculation of qo and KT is derived.  Using these acquired 
values and applying them to the Thomas model, the curve may be plotted again the actual data.  
The column studies showed good correlation to the Thomas Model having R
2
 values of 0.987, 
0.983, and 0.950.  The time to breakthrough was the shortest for the column (Figure 4.13) having 
the shortest residence time (18 min) and lowest influent concentration (0.5 mg∙L
-1
-P). The time 
to breakthrough was the longest for the column (Figure 4.14) having the longest residence time 






Figure 4.9. Plot of ln(Co/Ce -1) vs. time for BAM nutrient mix 2 using phosphorus solution 
with an initial PO4 concentration of 1.0 mg∙ml
-1
and flow rate of 0.529 l∙hr
-1
 used to derive 
values for the Thomas Model. 
 
Figure 4.10. Plot of ln(Co/Ce -1) vs. time for  BAM nutrient mix 2using phosphorus solution 
with an initial PO4 concentration of 0.5 mg∙mL
-1
and flow rate of 0.529 l∙hr
-1
 used to derive 
values for the Thomas model. 
y = -0.0471x + 2.1861 





















Time (min)  
y = -0.0338x + 1.2019 























Figure 4.11. Plot of ln(Co/Ce -1) vs. time for  BAM nutrient mix 2 using phosphorus solution 
with an initial PO4 concentration of 1.0 mg∙mL
-1
and flow rate of 0.167 l∙hr
-1
 used to derive 
values for the Thomas Model. 
 
 
Figure 4.12. Thomas model of breakthrough column with BAM nutrient mix 2 using Initial 
PO4 concentration of 1 mg∙mL
-1
and flow rate of 0.529 L∙hr
-1
.  Experimental data are the 
average effluent concentrations of the three columns. 
y = -0.0081x + 1.7093 









































Figure 4.13. Thomas Model of Breakthrough Column with BAM nutrient mix 2  Using 
Initial PO4 Concentration of 0.5 mg∙L
-1
and Flow Rate of 0.529 L∙hr
-1
. Experimental data 




Figure 4.14. Thomas Model of Breakthrough Column with BAM nutrient mix 2 Using 
Initial PO4 Concentration of 1 mg∙L
-1
and Flow Rate of 0.167 L∙hr
-1
. Experimental data are 




































 Solving for the equilibrium absorbance uptake (qo) of each of the column tests using the 
plot of ln[(Ce/C0) -1] vs. t  (Figure 4.9; Figure 4.10; Figure 4.11) was carried out in Table 4.14. 
The least amount of absorbance per gram of media (0.000143 mg∙g
-1
) was evidenced by the 
column subject to the shortest HRT and the lowest influent concentration. On the other hand, 
greatest amount of absorbance per gram of media (0.000534 mg∙g
-1
) was evidenced by the 
column subject to the longest HRT and the highest influent concentration. These values are 
important to the calculation of the total removal capable when given a value of mass.  
Table 4.14. Thomas model equation for orthophosphate adsorption on abiotic nutrient 
adsorption media 
 
*Where y=log(Co/Ce-1) and x=kCoV/Q 
 
 
 In the isotherm tests, BAM had more contact with the orthophosphate solution, 
maximizing the exposure of adsorption sites than in the columns, where short circuiting is the 
probable cause.  From propriety data for isotherms developed by a NELAC certified lab 
(Environmental Research and Design, Orlando) the adsorption equilibrium (q) values for Co= 0.5 
and 1.0 mg∙L
-1
 were 0.11 and 0.34 µg∙g
-1
respectively found for naturally occurring clay. These 
results compare to this experiments adsorption equilibrium (q) values for Co= 0.5 and 1.0 mg∙L
-1
 
of 0.143 and 0.372 µg∙g
-1 
respectively for the breakthrough column tests using an 18 minute 
residence time in the column.  
 With these observations, it can be concluded that BAM mix 2 is efficient and effective 























8.817 18 1.0 y= 2.186 - 0.0471x 0.99 47.1 0.000372 
8.817 18 0.5 y= 1.202 - 0.0338x 0.98 67.6 0.000143 
2.78 60 1.0 y= 1.709 - 0.0081x 0.95 8.10 0.000534 
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via the sorption media is mostly a physiochemical process, although this could change if the 
biofilm had more time to develop.  The design of the baffle box is flow-through, therefore 
continuous column studies are more representative of the adsorption kinetics of the media and 
the max equilibrium adsorption.  
 The column results were fit to first and second order reaction rates. First order reaction 
rates follow the equation ln(C) = -kt + ln(Co).  Second order reaction rates follow the equation 
1/C = 1/Co + kt. The Thomas Model assumes second-order reversible reaction kinetics.  Poor 
correlation was found when the data was fit to first and second order.  The greatest reaction rate 
coefficient found for the Thomas Model was when qo had the least value (Table 4.14).  When the 
data was fit to the Thomas Model and to first order reaction (Table 4.15), the reaction rate, K, 
was found to be the greatest under conditions having the least influent concentration and least 
retention time.   


































18 1 0.0057x - 1.207 0.523 0.0057 -0.017x + 4.378 0.349 -0.0171 
18 0.5 0.0081x - 1.775 0.808 0.0081 -0.0306x + 5.937 0.723 -0.0306 
60 1 0.0009x-1.184 0.486 0.0009 -0.0025 x+3.97 0.320 -0.0025 
 
4.3.4 Statistical Analysis 
 When the ANOVA determining the difference between adsorption curves, Figure 4.12 





) were compared and fit to the linear model to determine 
the significance of the influence concentration, the parameter representing intercepts of the lines 
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is significantly different (p = 0.00116), suggesting that the intercept of the column adsorption 
curves differ between the two influence concentrations, 0.5 mg∙L
-1
 and 1.0 mg∙L
-1
.  However, the 
slope parameters representing the slope of the line fit (p= 0.089) does not differ significantly at 
the 95% confidence level between two differing influent concentration. This translates to the 
conclusion that differing the orthophosphate breakthrough column curves with influent 
concentrations Co= 0.5 mg∙L
-1
 and Co= 1.0 mg∙L
-1
 are significantly different, differing 
significantly at the y intercept, when t=0.  The slope at which the curves change with time 
between these curves is not significantly different.  The adsorption of orthophosphate between 
differing concentrations but same residence time will initially adsorb at significantly different 
(p<0.05) concentrations, but the rate at which they reach the maximum equilibrium adsorption 
capacity does not differ at the 95% confidence level between the columns.  
 The parameters representing the intercepts of the curves created by manipulative 
residence time, 18 minutes vs. 60 minutes respectively (Figure 4.12 and Figure 4.14), were not 
significantly different (ANOVA p=0.8898). This suggests that the intercept of the column 
adsorption curves do not differ between the two residence times, 18 minutes and 60 minutes.  
The parameters representing the slope at which the curves change (p=1.46 x 10
-13
) were found to 
differ significantly (P<0.05) at the 95% confidence level between two retention times. This 
indicates that residence times of 18 minutes and 60 minutes of the orthophosphate solution in the 
column will create a significant difference in the adsorption breakthrough curves created. The 
curves (Figure 4.12 and Figure 4.14) differ significantly in their slopes but not at their y-
intercept, when t=0 minutes. This suggests adsorption of orthophosphate between differing 
residence times of 18 and 60 minutes does not differ in the amount it initially adsorbs when time 
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= 0, but significantly differs (p<0.05) in the rate at which the curves reach the maximum 
equilibrium adsorption capacity at a 95% confidence level. 
 
4.4 Final Remarks 
 After a statewide sampling of pond concentrations, nutrients were determined as one of 
the most problematic pollutants, posing a human and ecological health risks.  To mitigate this 
issue, a literature review and preliminary isotherm tests of BAM, mix 2 was proved more 
effective. After conducting isotherm tests to fit the Langmuir and Freundlich models, the 
maximum equilibrium adsorption were calculated for an influent concentration of 1.0 mg∙L
-1
-P at 




respectively.  These 
values demonstrate a great amount and strong efficiency of removal, which values were greater 
with an extended contact time and further investigated by adsorption column tests. Column tests 
to investigate the amounts of removal under varying contact time in the column and influence 
concentrations were conducted and results were fit to the Thomas Model with good correlation  
(R
2
= 0.9876; 0.9839; 0.9501).  Adsorption equilibrium uptake (q) values for Co= 0.5 and 1.0 
mg∙L
-1
 of 0.143 and 0.372 µg∙g
-1
 respectively for the breakthrough column tests under an 18 
minute residence time in the column. The statistical analysis of the columns suggested that the 
influent concentrations changes the initial amount at which the adsorption starts, but 
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 This chapter will determine the impacts of biological removal of nutrients and effects of 
constituents in the pond water. More investigation of these biological characteristics are 
important because biological treatment processes for removing contaminants in effluents are 
usually better than chemical and physical methods in the aspect of efficiency and economics 
(Gavrilescu and Chisti, 2005). The first goal of this study was to observe the improved 
physiochemical removal of phosphorus concentrations in spiked orthophosphate concentrations 
in pond water due to the presence of elements in the pond assisting adsorption. The second goal 
of this study was to determine if biological P removal begins and how the sorption media 
functions when there is no flow present. The third goal was to determine if effective biological 
removal of nitrogen species occurs. 
 Initially, the sorption media acts as a sorbent to each chemical species, reacting 
physically and chemically with those sorbents until equilibrium is reached and the media is 
saturated through the processes of attachment and adsorption. Adsorption-desorption processes 
mostly determine the concentrations of inorganic-P in solution over a short period of time which 
are followed by the influences of solid-state diffusion, precipitation-dissolution, and 
immobilization mineralization over longer periods (Murrman and Peech, 1969).  Attachment and 
adsorption may be achieved by the chemical and physical forces of surface interactions, London-
van der Waals, surface hydration of ions, steric interactions of adsorbed macromolecules, the 
interaction of hydrophobic surfaces, and ionic or covalent bonding (Tobiason and O'Melia, 1988; 
Benjamin, 2002).  Aiding adsorption in phosphate removal, influences of diffusion, precipitation, 
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and mineralization are illuminated by the compounds found in pond water, allowing a much 
great orthophosphate removal rate.   
 The phosphate concentration in solution is also a function of diffusion rate regulating the 
soil surface reactions which is affected by the properties and concentrations of ions in question 
and within the soil. Barber et al. (1984) found the diffusion of phosphate ions is much lower in 
soil than in free water, where the lower the nutrients diffusion coefficient, the greater the 
reduction in concentration at the surface.  Therefore, the ions found in pond water function to 
regulate and facilitate diffusion of phosphorus into sorption media. These ions found suspended 
in the water column also function to precipitate the phosphate, which may be either reactively 
filtered or inertly filtered as particle bound pollutants via sedimentation, straining, and depth 
filtration  (Crittenden, 2005).  Phosphate precipitation is usually precipitated as Fe and Al 
phosphates in acid soils and as Ca and Mg phosphates in alkaline and calcareous soils (Sample, 
1980).  The fractionation of inorganic P can be into three distinct classes of compounds, 
explicitly phosphates of Fe, Al, and Ca, some which may not include those within the coatings of 
Fe oxides and hydrated oxides.   
 After this point of maximum adsorption and development of a biofilm has occurred, 
chemical and biological removal processes continue to remove the nutrients.  The removal of 
nitrogen species by biological processes may be defined by several key chemical reactions which 
ammonia is oxidized to nitrite and nitrate shown below (Sawyer et al., 2003):  
Urea + H2O  2 NH4
+
 + CO2                 (10) 
   Amino acids + H2O  NH4
+
 + Organic compounds                (11) 
   2 NH4
+
 + 3 O2  2 NO2
-
 + 4 H
+
 + 2 H2O                (12) 
   2 NO2
-
 + O2  2 NO3
-
                  (13) 
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Denitrification then proceeds to reduce nitrate to nitric oxide or nitrogen gas with the use of a 
carbon source, such as C10H19O3N in this example, as an electron donor (Sawyer et al., 2003). 
  C10H19O3N + 10 NO3
-
  5 N2 + 10 CO2 + 3 H2O + NH3 + 10 OH
-
    (14)  
 The contaminants may also be absorbed by the biofilm at a rate dependent on diffusion 
processes within the biofilm, which are determined by its water-binding capacity and mobility 
(Singh, 2006).  In terms of nutrient adsorption, organisms within the biofilm require a continuous 
supply of nutrients for growth, so the diffusion process of these nutrients may not be limiting in 
this case. The amount of nutrient adsorption may be approximated by using the chemical formula 
C5H7NO2 for cell biomass, yielding approximately 12.4% by weight of nitrogen to be required, 
and typically the amount of phosphorus required by the organism is one-fifth of the nitrogen 
value (Metcalf & Eddy et al., 2003). However, these uptake quantities vary depending upon the 
solids retention time (SRT) and environmental conditions, as Hossain et al. (2009) showed with 
BAM.  To further investigate this variation of biological nutrient uptake depended upon HRT, 
batch reactor tests will be conducted weekly to determine the varying nutrient removal 
efficiencies of the biofilm under 6, 12, and 24 hr retention times. Through these processes, 
regeneration of the biosorption media may be achieved and in a more cost-effective, low energy, 
and low maintenance solution than media replacement or chemical regeneration alternative of the 
sorption media.   
 Phosphate precipitation is usually precipitated as Fe and Al phosphates in acid soils and 
as Ca and Mg phosphates in alkaline and calcareous soils (Sample, 1980).  The fractionation of 
inorganic P can be into three distinct classes of compounds, explicitly phosphates of Fe, Al, and 
Ca, some which may not include those within the coatings of Fe oxides and hydrated oxides.  
Aluminum, calcium, iron, and magnesium assist in the precipitation of phosphorus.    Putnam et 
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al. (1972) found sampled 39 Florida lakes giving a range of 533 - 16 µhmos per centimeter, 
3.54-0.05 meq∙L
-1
 Ca, and 1.21-0.26 meq∙L
-1
 Mg.  The simple precipitation reactions of these 
elements are listed, but the consideration of alkalinity, pH, trace metals, and equilibrium 
constants much be accounted for.  The efficiency of removal via coagulation and precipitation is 
decreased with a decreasing phosphorus concentration.  The precipitation reactions of elements 




   10 Ca
2+
 + 6 PO4
3-
 + 2 OH
-






 + HnPO4  AlPO4(s) + nH
+ 






 ↔ FePO4(s) + nH
+








 Mg3(PO4)2(s) + 2H2O     (18) 
 
 Biofilms are congregations of single or multiple populations that are attached to surfaces 
by their extracellular polymeric substances.  Biofilms and biological remediation strategies are 
involved in multiple treatment systems because of their ability to remove and immobilize a 
variety of contaminants.  The use of an attached biofilm establishment are a more proficient 
choice of bioremediation in this application because they are protected within their matrix with a 
better chance of adapting and surviving than planktonic, free swimming organisms (Decho, 
2000). This matrix created also functions to further filter the influent stormwater.  
 The contaminants are absorbed at a rate dependent on diffusion processes within the 
biofilm, which are determined by its water-binding capacity and mobility (Singh, 2006).  For 
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example, the ability for microorganisms to absorb metal ions [Fe(III) and Cr(VI)] was shown to 
be dependent on metal concentration, pH, temperature, growth media composition, culture age, 
and contact time (Goyal et al., 2003).  In terms of nutrient adsorption, organisms within the 
biofilm require a continuous supply of nutrients for growth, so the diffusion process of these 
nutrients may not be limiting in this case. The amount of nutrient adsorption may be 
approximated by using the chemical formula C5H7NO2 for cell biomass, yielding approximately 
12.4% by weight of nitrogen to be required, and typically the amount of phosphorus required by 
the organism is one-fifth of the nitrogen value (Metcalf & Eddy et al., 2003). However, these 
uptake quantities vary depending upon the solids retention time (SRT) and environmental 
conditions.  To further investigate this variation of nutrient adsorption depended upon SRT, 
batch reactor tests will be conducted weekly to determine the varying nutrient removal 
efficiencies of the biofilm under 6, 24, and 36 hr retention times.   
 Chapter 4 was used to determine the maximum orthophosphate adsorption in the columns 
under the same conditions only using only distilled water and showed that the columns reached 
maximum adsorption in less than 2 days.  The first phase of this experiment will determine the 
effects of introducing natural pond water in adsorption breakthrough columns.  The introduction 
of pond water will also change other environmental factor that affect adsorption, such as pH such 
as Hossain et al. (2009) has shown.   
 During the continuous column run, the flow was paused after 10 days, 17 days, and 24 
days to run as a batch flow analyze the removal efficiencies during simulated non-flow events 
and consequent effects on the continuous mode thereafter.  The influent was held in the column 
for 6, 12, and 24 hours to test BAM’s biological effects of nutrient removal after the 
chemophysical adsorption was been achieved.  The removal after the first day was assumed to be 
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a function of biological and chemical removal. This procedure was applied to further understand 
nitrifying and denitrifying bacteria’s activity across the sorption media given that the substrate 
and enzymes are not the limiting factors in the process this water treatment in respect to nitrogen 
removal.   
 The use of pond water in this experiment was hypothesized to increase orthophosphate 
removal and equilibrium media uptake when compared to those values found using distilled 
water due to the increased ions and elements, such as Ca, Mg, Al, and Fe in pond water. The 
complimentary biochemical mechanisms of the elements within pond water and structure of the 
media will facilitate removal by adsorption, diffusion, precipitation, and mineralization, of which 
the largest contributor may be calcium, found at very high concentrations of 23.8 mg∙L
-1
.  These 
elements and seeding bacteria in the pond water will also assist in providing ecological 
conditions necessary for beneficial organisms to inhabit.  If an aerobic-anoxic sequence may be 
established within the column, it is also hypothesized that biological removal of ammonia and 
nitrate will be evidenced in the effluent concentrations of each chemical due to the establishment 
of nitrifying and denitrifying bacteria on the BAM.   
Science Questions What competition effects do the naturally occurring pond water elements have 
on the physiochemical adsorption ability of phosphorus? Will the population dynamics of 
nitrifying and denitrifying bacteria regenerate the nutrient sorption media after physiochemical 
sorption has occurred? When does the biological removal and uptake processes begin occurring 






5.1.1 Chapter Objectives 
 Run column tests using spiked pond water from UCF’s Pond H-2 to test effluent 
concentrations of orthophosphate, total phosphorus, total nitrogen, ammonia, and nitrate  
 Apply the Thomas Model to the columns to calculate the maximum adsorption 
equilibrium uptake (q) value and adsorption constant (KT). 
 Compare these values with those found previously in chapter 3.  
 After 10 days, and every 5 days following that, conduct a batch reactor test on the 
columns for residence times of 6, 12, 24 hours. These batch tests will simulate inter storm 
events and give insight on whether continuous removal is occurring and if the media is 
recharged after longer residence time in the column. 




5.2.1 Column Tests  
 Three Plexiglas columns with a diameter of 5.08 cm (2.0 inches) and a length of 30.48 
(1.0 ft) were prepared with 1100 g of dried BAM mix 2 and a filter was placed at the bottom to 
prevent the outward flow of finer particles and glass beads and a filter were placed at the top to 
assist dispersion.  The columns will be covered and the lights kept off to simulate conditions 
within the baffle box and prevent the growth of photosynthetic organisms.   
 For a microorganism to grow, reproduce, and function properly, sources of energy, 
carbon, and inorganic elements are required.  These principle inorganic elements required by 
microbial life include N, S, P, K, Mg, Ca, Fe, Na, and Cl with the primary nutrients being 
nitrogen and phosphorus (Metcalf & Eddy et al., 2003).  Therefore, if a biological system is to 
function properly, a sufficient amount of nutrients and trace elements required by the 
microorganisms must be present.  For this reason, pond water from Pond H-2 on UCF’s campus, 
that is spiked with nutrients to simulating a eutrophic pond, will used to for testing to allow the 
sufficient growth of a biofilm.  As the microbiological organisms and organic matter within the 
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effluent will affect concentrations, the samples will be filtered by 0.45-µm membrane filters to 
ensure nutrient concentrations would not change after collection. The media will be subject to 
natural pond water from UCF’s pond H-2 spiked with concentrations of PO4, NO3, and NH3 to 
concentrations of 1.0, 0.5, and 0.5 mg∙L
-1
, respectively.   
 
Figure 5.1. Experimental Setup of the Biological Testing.  
 
 In the continuous flow mode of this experiment, the columns flowed at a rate of 0.167 
L∙hr
-1
 (1 hour residence time).  Chemophysical adsorption of the column’s media was to 
expected reach equilibrium within the first several hours based on the results from Chapter 4. 
During this timeframe, the effluent will be sampled frequently to obtain the adsorption 
breakthrough curve of all the nutrients along with the influent in case of any changes in influent 
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concentrations. After the columns have reached equilibrium, it was assumed that the media has 
reached maximum adsorption via its physical and chemical properties and any further removal is 
due to the biological uptake. Values from the column experiment were fit to the Thomas model 
to determine the maximum equilibrium media uptake, which is given below: 
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Non-linear Form:      (
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Where:  
 Ce=Effluent Concentration (mg∙mL
-1
) 
 Co =Influent Concentration (mg∙mL
-1
) 





 qo =equilibrium media uptake (mg∙g
-1
) (when Ce=Co) 
 m=Total media mass in the column (g)  
 Q= Volumetric flow rate (mL∙min
-1
)  
 V= Throughput volume (mL)  
 
Addition information on the calculation of the Thomas Model equations and methods used are 






Figure 5.2. Phase 1 of Testing to Determine the Physiochemical Equilibrium Adsorption 
Capacity and Kinetics. This investigates the initial physiochemical adsorption of the media 
using spiked pond water.   
5.2.2 Batch Tests 
 For the batch mode of this experiment, the column will continuously run for 10 days, 
after which the flow will be paused and the column will be filled to the top of the media.  The 
pond water will be held in the column for 6, 12, and 24 hours to obtain results.  The experiment 
will then flow for a week and the batch test repeated again. This process will be repeated each 
following week.  Effluent samples will be analyzed for TP, PO4, NO3, NH3, and TN.  The pH of 
the effluent will also be analyzed using a Hach probe.  The methods used for all chemical 
analyses are listed in Table 5.1, of which ortho-P, ammonia, nitrate, and TN were filtered 




Figure 5.3.  Phase 2 of Biological Testing to Determine the Biological Growth and Kinetics 
of the Developing Biofilm. This Involves the Continuous Run and Batch Tests with SEM. 
 
Table 5.1. Methods used to analyze concentrations of each chemical 




Ammonia-N Low range salicylate method Method 10023 0.02-2.50 
Nitrate-N Cadmium reduction method Method 8171 0.1-10.0 
Orthophosphate-P USEPA PhosVer®3 (ascorbic     
acid) method 
Method 8048 0.02-1.60 
Total Nitrogen-N Persulfate digestion method Method 10071 0.5-25.0 
Total Phosphorus-P USEPA PhosVer®3 acid 
persulfate digestion method 
Method 8190 0.02-1.10 
 
5.2.3 Statistical Analyses 
  
           To determine whether the adsorption curves generated by Figure 5.12 and Figure 4.14 are 
significantly different from each other as a result of using different water types, distilled and 
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pond water, the data was fit to a linear model and a t-test was used.  The raw data from each 
column was linearized by plotting ln[(Co/Ce) -1] vs. t. (Figure 4.11 and Figure 5.11) to be able to 
fit a linear model.  The linear model used for comparison analysis was given as 
 ̂                                                         . 
Where  ̂ is               and                  is an indicator variable that takes on 
the value 1 when the Water Type is "Pond" and takes on the value 0 otherwise.  Each analysis 
was considered significant at a confidence interval of 95% (α=0.05).  Statistical analyses were 
performed using R statistical software to define variability in orthophosphate removal. The linear 
model used the prediction for  ̂ is  ̂                             and otherwise, the 
prediction for  ̂ is  ̂                         .   
 For a two tailed t- test, the hypothesis for the analysis to determine the intercepts is that:  
 Ho: β0= 0 
 H1 : β0 ≠ 0 
The interpretation of the resulting p-value is that there is not enough evidence to reject the null 
hypothesis and the intercept of the regression line is not different from zero.  This corroborates 
our expectations because both types of water began with the same initial concentration of 
orthophosphorus. To test for a difference in the slope of the distilled water regression line and 
the pond water regression line, a hypothesis test is performed with the null hypothesis that  
 
 is 
equal to 0.  
 
  represents the difference in slope between the two water types. If    is equal to 0, 
there is no difference in the slope of the best fitting line for the two water types.. These results 
will indicate if there is significant differences in the slope and intercept of the orthophosphate 
adsorption curves (Figure 4.14 vs. Figure 5.12) generated by changing the residence time within 
the column between the use of distilled water and pond water from pond H-2.  
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5.2.4 Scanning electron microscopy (SEM) 
Scanning Electron Microscopy (SEM) is used to provide visual observations of microbial growth 
and biofilm development. This type of microscopy produces 3-dimensional images of a sample’s 
surface using a focused beam of electrons accelerated to high energy and focused on the sample 
while the specimen is in a high vacuum. Secondary electrons are ejected from the sample surface 
that allow for the formation of a visualization of the biofilm, pore structure, and other surface 
characteristics.  The SEM images will provide visual observation of the surface texture and 
development of a biofilm throughout experimental stages. Approximately 1 gram of media 
samples for analysis will be taken from the top of the column and from the center sampling port 
inside the column using metal prongs.   Samples were analyzed at UCF’s Materials 
Characterization Facility using a JEOL JSM-6480 SEM.   
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Figure 5.4. Schematic Drawing of a Scanning Electron Microscopy (University of Iowa, 
2013). 
 
5.3 Results and Discussion 
 
5.3.1 Column Results 
 The average column effluent concentrations of all chemical species tested are presented 
in Figure 5.5.  The adsorption of the orthophosphate and total phosphorus (Figure 5.6; Figure 
5.7) follow the same adsorption pattern previous seen in Chapter 3.  After 200 hours (8.33 days), 
the column was only capable of removing 20% of the influent phosphorus concentrations.    The 
removal leveled off for the following 400 hours (16.7 days) fluctuating between 10-20%.  The 
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chemical precipitation of P aids in the column never reaching 0% removal due to the elements in 
the pond water (Fe, Mg, Ca) and the limestone (CaCO3) removing phosphorus via precipitation 
and filtration.  It is difficult to discern if part of this removal was due to biological growth.   
 
 
Figure 5.5. Effluent Concentrations Subjected to Spiked Pond Water with Influent PO4, 




–N, and 0.5 mg∙mL
-1
–N,  
respectively,  and Flow Rate of 0.167 L∙hr
-1
 using BAM Nutrient mix 2.  Concentrations of 





































Figure 5.6.  Orthophosphate Effluent Concentrations Subjected to Spiked Pond Water with 
Influent Total P Concentration of 1.04 mg∙mL
-1
and Flow Rate of 0.167 L∙hr
-1
 using BAM 




Figure 5.7. Total Phosphorus Effluent Concentrations Subjected to Spiked Pond Water 
with Influent PO4 Concentration of 1 mg∙mL
-1
-P and Flow Rate of 0.167 L∙hr
-1
 using BAM 





































































 The initial elevation of ammonia (Figure 5.8) from the system may be due to the 
conversion of organic or atmospheric nitrogen to ammonia.  Biological nitrogen fixation, the 
conversion of atmospheric nitrogen, N2, to ammonia may be completed by cyanobacteria, 
heterotrophic bacteria, and autotrophic bacteria (Wagner, 2012). This column created an 
anoxic/anaerobic environment due to the residence time and plug flow assembly of the column. 
As a consequence, the inflow was aerated as it dripped into the column, supporting nitrification 
at the top of the column. As the flow approached the bottom of the column, it became more 
anoxic supporting denitrification, converting more NO3 to N2 gas. Figure 5.9 displays the high 
variability of the effluent nitrate, which differed greatly between each of the columns as it 
fluctuated with time due to the simultaneous nitrification and denitrification, adding and 




Figure 5.8. Ammonia Effluent Concentrations Subjected to Spiked Pond Water with 
Influent Ammonia Concentration of 0.5 mg∙mL
-1
and Flow Rate of 0.167 L∙hr
-1
 using BAM 



































Figure 5.9. Nitrate Effluent Concentrations Subjected to Spiked Pond Water with Initial 
NO3 Concentration of 0.5 mg∙mL
-1
-N and Flow Rate of 0.167 L∙hr
-1
 using BAM Nutrient 
mix 2.  Concentrations of the three columns were averaged.  
 
 The small spike in total nitrogen around 200 minutes (Figure 5.10), where the total 
nitrogen increased from ~0.1 mg∙L
-1
 to 1.8 mg∙L
-1
 was most likely due to the new batch of pond 
water used for the experiment. This small peak also occurs at the same time in Figure 5.8 with 
concentrations of ammonia.  Theoretically, the total nitrogen should be at least the sum of the 
ammonia and nitrate. The total nitrogen recorded was less than this value at some points due to 
the range of the TN test only being able to accurately read concentrations in the range of 0.5 
mg∙L
-1
 to 25.0  mg∙L
-1





































Figure 5.10. Total Nitrogen Effluent Concentrations Subjected to Spiked Pond Water with 
a Flow Rate of 0.167 L∙hr
-1
 using BAM Nutrient mix 2.  Concentrations of the three 
columns were averaged.  
 
5.3.2 Thomas Model 
 Results of the orthophosphate spiked pond water column test were incorporated into the 
Thomas Model (Figure 5.12) to determine BAM’s maximum equilibrium adsorption under the 
described conditions.  Calculations to determine the maximum adsorption equilibrium (q) and KT 
were obtained by first plotting ln(Co/Ce -1) vs. time (Figure 5.11) for the first 12,960 minutes, 
which yielded a R
2
 correlation of 0.7202. This low correlation compared to the results from 


































Figure 5.11. Plot of ln(Co/Ce -1) vs. time for  BAM nutrient mix 2 using spiked phosphorus 
pond water with an initial po4 concentration of 1.0 mg∙mL
-1
and flow rate of 0.167 l∙hr
-1
 
used to derive values for the Thomas Model. 
 
Table 5.2. Parameters governing the calculation of the Thomas Model derived from the 












Flow Rate= 2.78 ml∙min
-1
 





y = -0.0003x + 1.7894 























Figure 5.12. Thomas Model of Breakthrough Column with BAM nutrient mix 2 Using 
Initial PO4 Concentration of 1 mg∙mL
-1
and Flow Rate of 0.167 L∙hr
-1
. Experimental data 
are the average effluent concentrations of the three columns. 
 
Much greater orthophosphate removal occurred in this study when compared to previous results 
under the same conditions using only a phosphorus solution.  In chapter 3’s experiment when a 
phosphorus solution was used, the maximum adsorption equilibrium (q) was 0.000533mg∙g
-1
.  In 
the results obtained in this experiment using spiked pond water under the same conditions, 
maximum adsorption equilibrium (q) of 0.0151 mg∙g
-1
was found, which is about 30 times the 
maximum adsorption amount found previously.  This emphasizes the profound effects 
compounds in the pond water have on the orthophosphate adsorption capabilities of this media. 
The conductivity of the spiked pond water was averaged around 233 µS/cm, while the spiked 
distilled water had a range of 0.5-5 µS/cm. Because the electrical current increases with greater 
ions in solution, much more ions were present in the spiked pond water assisting with adsorption. 
Ions found in pond water function to regulate and facilitate diffusion of phosphorus into to 
sorption media as a function of diffusion rate regulating the concentrations and ions in question.  



















pond water was in the range of 7.0 to 7.20.  The statistical analysis concluded that the initial 
effluent concentrations and adsorption ability at the beginning of the experiment is not different 
between the use of pond and distilled water, but there is significant difference in the rate that it is 
adsorbed at a 95% confidence level. 
 Figure 5.12 shows the experimental data never reaches the equilibrium with the influent 
concentration. Although the column most likely reached its sorption capacity by the end, 
phosphorus precipitation and filtration was still likely to be the cause of the removal. Phosphate 
precipitation is usually precipitated as Fe and Al phosphates in acid soils and as Ca and Mg 
phosphates in alkaline and calcareous soils (Sample, 1980).  The fractionation of inorganic P can 
be into three distinct classes of compounds, explicitly phosphates of Fe, Al, and Ca, some which 
may not include those within the coatings of Fe oxides and hydrated oxides.  Concentrations of 
these elements in the influent pond water are listed in Table 5.3.  Calcium concentrations in the 
influent water, 23.8 mg∙L
-1
, were very high when compared to the concentration ranges of 7.08 
to 0.10 mg∙L
-1
 found in Florida lakes by Putnam et al. (1972).  These results indicate that 
phosphorus precipitation and fractionation are most likely occurring, contributing to the 
phosphorus removal.  The precipitated phosphorus may likely be trapped in the media via 
filtration.   
 Total phosphorus seemed to follow the same removal trend as orthophosphate, although 
in the batch reactions, there was much greater increase in the difference between total and ortho- 
phosphorus.  This is most likely due to the greater residence time in the column allowing more 
chemical precipitation and biological removal of phosphorus. The chemical precipitation was 
also observed after the column had been running for ~20 days after the adsorption peak leveled 
off, but consistently continued to remove 10% or the orthophosphate. This reinforces the instant 
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adsorption followed by chemical precipitation such as that observed by Barrow and Shaw (1975) 
finding that the rate of reaching phosphate equilibrium between solution and solids has shown an 
initial relatively rapid reaction rate followed by a slow, continuous reaction for an extended time.  
The discrepancy of the experimental data showing less removal than the predicted Thomas 
Model in the first 10,000 minutes (Figure 5.12) may be due to competitive adsorption of the 
other elements present in the pond water competition for similar adsorption sites. Another 
explanation for discrepancy may be the decreased correlation (R
2
=0.7202, Figure 5.11) and 
fitting to the Thomas Model because the phosphorus removal is not purely due to adsorption. 
Table 5.3. Concentrations of Aluminum, Calcium, Iron, and Magnesium in Influent Pond 






Aluminum  0.422 EPA200.8 
Calcium 23.8 EPA200.7 
Iron 0.276 EPA200.7 
Magnesium 2.26 EPA200.7 
 
5.3.3 Batch Test Results 
 The pausing of the continous flow by the batch tests (Table 5.4) showed no obvious 
effect on the adsorption curve for continuous mode.  Therefore, by pausing the flow or pump on 
a baffle box, the media is not necessarily rejuvenated nor is the removal efficiency for the 
continuous flow treatment affected. The removal of orthophosphate in the batch mode appeared 
to match the about the same removal that was occurring on the continuous mode (Figure 5.6). 
Comparing the residence time in the column to orthophosphate, it is apparent that consistently 
more ortho-P was removed at 6 hours than at 24 hours.  This indicates that desorption or other 
chemical mechanisms would start to interfere with uptake at a 12 and 24 hour residence time.  If 
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biological P uptake were to occur, than greater removal of P would be expected at longer 
residence times which was not the case. All of these trends found for orthophosphate were also 
consistent for total phosphorus.  
 Concentrations of ammonia found during the batch tests showed less removal of 
ammonia at longer residence times and increased levels than the initial concentrations. This is 
evidence of ammonification, the conversion of organic nitrogen present in the pond water to 
ammonia. The greatest removal of nitrate occurred during this batch reaction, where effluent 
NO3 concentrations were consistent at concentrations of 0.2 mg L
-1
 or less.  This may be due to 
the increased anoxic zone that occurred as a result of the stagnant water in the column.   






























10 24 0.73 1.04 0.76 0.17 3.30 
12 0.75 0.99 0.71 0.20 1.07 
6 0.64 0.94 0.38 0.20 0.83 
17 24 0.86 1.13 0.74 0.17 2.47 
12 0.83 1.10 0.61 0.20 2.80 
6 0.81 1.02 0.38 0.20 2.33 
24 24 0.90 1.00 0.56 0.20 3.50 
12 0.87 0.88 0.25 0.20 2.17 
6 0.85 0.87 0.16 0.20 2.67 
 
5.3.4 Statistical Analysis 
 When the curves of Figure 5.12 and Figure 4.14 were fit to the linear model to determine 
the significance of water type, the parameters representing the slope of the lines are significantly 
different (p = 1.954x10
-13
), suggesting that the slope of the line fit representing rate of adsorption 
122 
 
differs significantly between pond and distilled water. However, the parameter comparing the y 
intercepts between the curves was found to not significantly different (p = 0.2315). This 
corresponds to the initial effluent adsorption ability is not different between the use of pond and 
distilled water, but there is significant difference (p < 0.05) in the rate that it is adsorbed at a 95% 
confidence level. 
 
5.3.5 Scanning Electron Microscopy (SEM) 
 The SEM photos show the surface characteristics and structure of the materials which 
serve a residence to the biofilm.  The limestone was not analyzed due to its primary purpose 
serving for chemical precipitation.  Although the determination of bacterial growth is not 
distinct, it may be concluded that certain components of the BAM mix provide more optimal 
growth environments for a biofilm.  Because components of the BAM mix are small, porous, and 
rough, there is good amount of surface area.  Increasing the surface area increases the amount of 
adsorption (Faust and Aly, 1998) and amount of bacteria able to grow on the surface (Donlan, 




. Therefore, in a cubic 
foot of the media, there is 17,530 m
2
 of surface area.  Because adsorption and absorption 
processes occur at the surfaces of materials, it is obvious that the surface area is one of the 
principal characteristics determining the sorption capacity.  Micro-pores contribute a major 
portion of the surface area and significantly affect the sorption ability if the solute molecule is 
able to penetrate into the pore (Faust and Aly, 1998).  These micro-pores are evidenced in the 
SEM photos of expanded clay in Figure 5.14.   Although the shape and roundness of the media 
grains, often characterized as sphericity or shape factor, affect filtration efficiency (Faust and 
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Aly, 1998), they have limited value on the filtration and other variables such as porosity and flow 
rate have more impact on design (Crittenden, 2005). 
 The surface structures characteristics are an imperative feature for the biofilm attachment 
process.  As the roughness of a surface increases, the magnitude of biological colonization 
increases, due to the greater surface area and decreased shear forces on the surface 
(Characklis,1990).  This indicates that the tire crumb (Figure 5.15) and expanded clay (Figure 
5.14) would create much more ideal attachment structures with shear protection than the cement 
sand (Figure 5.13).  When the flow velocity across these materials surfaces increases, the 
boundary layer decreases, and biofilm will be exposed to greater turbulence and shear stress. 
Therefore materials with more flat and non-rigid surfaces, such as sand, the biofilm may be more 
likely to detach under higher flow conditions.  The material composition of tire crumb would 
also provide a better attachment structure because biofilms attach much more rapidly to 
hydrophobic, nonpolar surfaces such as plastics than to hydrophilic materials (Fletcher et al., 
1979; Pringle et al., 1983).  Tire crumb contains carbon black, promoting biological growth 
because carbon is a crucial compound for denitrification.  Carbon black is a paracrystalline 
carbon produced from the incomplete combustion of heavy petroleum products, having a high 















Figure 5.13. Concrete Sand shown in SEM at (a) 350 x, (b) 1,100 x, and (c) 1,200 x 
magnification showing the surface structure and characteristics after residing in the 24 









Figure 5.14. Fine Expanded Clay shown in SEM at (a) 140 x, (b) 1,600 x, and (c) 2,200 x 
magnification showing the surface structure and characteristics after residing in the 24 









Figure 5.15. Tire crumb shown in SEM at (a) 140 x, (b) 1,600 x, and (c) 2,200 x 
magnification showing the surface structure and characteristics after residing in the 24 
days of column testing. 
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5.3.6 Factors Affecting Biofilm 
Although the nutrient removal media may show great removal efficiency, concern lies in 
the susceptibility of nitrogen-removing biofilm’s bacterial colonies to anthropogenic input of 
other inorganic contaminants in stormwater runoff.  Copper exposure has shown to change the 
structure, physiology, and metabolism of biofilms (Barranguet, 2002). Exposure of bacterial 
communities in biofilms were distinctively changed in denaturing gradient gel electrophoresis 
profiles at concentrations of 6.8 umol∙L
-1 
copper and marked changes community-level 
physiological profiles were induced at exposure concentrations of 2.1 and 6.8 umol∙L
-1
 copper 
(Boivin et al., 2006).  Because these biofilms are sensitive at such low levels of copper, it is of 
great concern that the high concentrations found in stormwater runoff may have a significant 
decrease on the performance of the nitrogen reduction within the baffle box design.   
5.4 Final Remarks 
 Although adsorption processes mostly determine the concentrations of inorganic-P in 
solution, influences of solid-state diffusion, precipitation-dissolution, and immobilization 
mineralization over longer periods also contribute to removal.  Statistical analysis of the 
orthophosphate adsorption columns comparing the influence of pond water showed that the 
elements of the pond significantly changed the rate of orthophosphate removal in the column.  
Using the Thomas Model to estimate the maximum adsorption equilibrium (q), results obtained 
found a value of 0.0151 mg∙g
-1
, which is about thirty times the value found under the same 
conditions using distilled water, emphasizing the profound effects of the ions and elements (such 
as Fe, Mg, Ca, Al) in the pond water. Biological removal of nitrogen species was evidenced by 
the consistent reduction in ammonia and nitrate.  While effluent ammonia concentrations remain 
very low (<0.10 mg∙L
-1
), nitrate concentrations fluctuated greatly for each column as a result of 
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simultaneous nitrification/denitrification by the aerobic/anoxic zones created within the column. 
SEM confirmed that optimal environments are created for a biofilm growth upon expanded clay 
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CHAPTER 6: DETERMINATION OF LIFE EXPECTANCY OF 





 Using the values obtained from the abiotic and biotic column tests and their respective 
Thomas Model maximum orthophosphate adsorption equilibrium (q) values (Table 6.1), the life 
expectancy of varying amount of media and its subjective conditions can be calculated. Because 
the amount of water treated  differs under varying flow rates and influent concentrations, the 
calculation of the amount of water able to be treated  may be calculated using the usage rate 
equation.  The input values for this e equation are those derived from the previously calculated 
Thomas Model maximum orthophosphate adsorption equilibrium (q) values.  The usage rate can 
then determine how much water a given mass of BAM would be able to treat and when that 
would occur, depending on the flow rate.  
Table 6.1. Thomas model equation for adsorption on abiotic nutrient adsorption media 
 
































Distilled 8.817 18 1.0 y= 2.186 - 
0.0471x 
0.99 47.1 0.000372 
Distilled 8.817 18 0.5 y= 1.202 - 
0.0338x 
0.98 67.6 0.000143 
Distilled 2.78 60 1.0 y= 1.709 - 
0.0081x 
0.95 8.1 0.000534 
Pond 2.78 60 1.0 y= 1.790 - 
0.0003x 
0.72 0.3 0.015074 
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Science Questions What is a method of determining nutrient removal based on the chemo-
physical and biological processes found from the column breakthrough tests? 
 
6.1.1 Chapter Objectives 
 Calculate the usage rate at differing percent removals 
 Calculate the amount of water able to be treated at varying media masses and percent 
removals  
 Calculate the life expectancy of the media based on the characteristics of the baffle box 




 By manipulating the influent concentration and flow rate of the columns, a different q 
(mg∙g
-1
) value is defined.  This q value determines how much P is able to be absorbed by a given 
amount of media.  As shown from these experiments, a slower flow rate yields a higher q, 
therefore more water is able to be treated. Because the variables included in the Thomas model 
are interrelated, one cannot directly interpolate the KT and q values found for various flow rates 
other than those tested.  
 Using these q and KT values derived from the breakthrough tests, it is possible to 
determine the life expectancy of the media under the same conditions.  Estimates of the 
adsorbent loading and lifetime can be obtained from adsorption isotherms or the column tests. 
Column experiment results are most conveniently expressed in the form of breakthrough curves 
(BTCs), with concentration plotted as a function of time. To facilitate comparison of BTCs 
among sampling for both experiments, dimensionless BTCs are presented herein. Dimensionless 
concentration (C/Co) is the ratio of concentration (C) to influent concentration (Co).   Estimates 
of the adsorbent loading and lifetime can be obtained from adsorption isotherms.  These 
estimates make the assumptions the: 1.) all of the media in the filter will reach equilibrium with 
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the influent concentration; 2.) the adsorptive capacity extracted from the isotherm data is a 
reasonably good value 3.) No biological activity is considered (Faust and Aly, 1998). Using the 
mass of the contaminant adsorbed (x/m)o in mg∙g
-1
when Ce=Co, the bed life Y may be calculated 
using: 
 
       
      
       
 *ρmedia       (21) 
 
Where  Co = influent concentration (mg∙L
-1
) 




 ρmedia  = density of the media mix 
  
 The Usage rate (g∙L
-1
) can be used to determine how many g media are required to treat 1 
L of water. This bed life calculation will also be reduced and the usage rate increased if 
additional organics are present competing for the adsorption sites (Faust and Aly, 1998). 
               Usage Rate= 
       
      
     (22) 
Where  Co = influent concentration (mg∙ L
-1
) 
 C1 = average target effluent concentration for the entire column run (mg∙ L
-1
) 
  x m  = q (mg∙g
-1
) found when Co=Ce 
 
If the target effluent P concentration is 70% removal, then the usage rate for each of the above 
column tests may be calculated and an estimate on the amount of water may be estimated using 
different masses of media.  
 The Thomas model can be used to predict the breakthrough curve for adsorption and ion 
exchange for gases and liquids (Mustafa and Ebrahim, 2010). Developed in 1944, it is one of the 
most general and widely used models for adsorption column tests. It is based on second-order 
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reaction kinetics and the assumption of Langmuir isotherm to give an analytical solution that 
allows for a nonlinear equilibrium relationship (Mustafa and Ebrahim, 2010).   
 Using these q and KT values derived from the breakthrough tests, it is possible to 
determine the life expectancy of the media under the same conditions.  Estimates of the 
adsorbent loading and lifetime can be obtained from adsorption isotherms or the column tests.  
These estimates make the assumptions the: 1.) all of the media in the filter will reach equilibrium 
with the influent concentration; 2.) the adsorptive capacity extracted from the isotherm data is a 
reasonably good value 3.) No biological activity is considered (Faust and Aly, 1998).The Usage 
rate (g∙ L
-1
) can be used to determine how many g media are required to treat 1 L of water. This 
bed life calculation will also be reduced and the usage rate increased if additional organics are 
present competing for the adsorption sites (Faust and Aly, 1998). 
6.3 Results and Discussion 
 
 These results differ greatly when the q values from the isotherm are used. For the 1 hr 
isotherm with Co = 1 mg∙L
-1
, the q = 0.0044 mg∙g
-1
which would have a usage rate of 159 g∙L
-1 
with 70% orthophosphate.  This usage rate would be able to treat 1571 L, 3143 L, and 6286 L 
with  250,000 g, 500,000 g, and 1,000,000 g of media respectively.  
 
Table 6.2. The phosphorus usage rate (g∙L
-1
) of BAM under various column conditions.  
The usage rate describes the amount of media (g) needed in order to treat 1 L of water to a 
given removal rate under given conditions. 








(min)  10% 20% 30% 40% 50% 60% 70% 80% 90% 95.00% 
Distilled 1 18 269 538 806 1075 1344 1613 1882 2151 2419 2554 
Distilled 0.5 18 699 1399 2098 2797 3497 4196 4895 5594 6294 6643 
Distilled 1 60 187 375 562 749 936 1124 1311 1498 1685 1779 






Figure 6.1. Volume of distilled water able to be treated by varying masses of media to 
multiple removal efficiencies when the initial orthophosphate concentration is 1.0 mg∙L
-1 
and an 18 retention time. This graph was generated based on the results found in Chapter 
4. 
 
Figure 6.2. Volume of distilled water able to be treated by varying masses of media to 
multiple removal efficiencies when the initial orthophosphate concentration is 0.5 mg∙L
-1 

















































































Figure 6.3. Volume of distilled water able to be treated by varying masses of media to 
multiple removal efficiencies when the initial orthophosphate concentration is 1.0 mg∙ L
-1
 
and a 1 hr retention time. This graph was generated based on the results found in Chapter 
4. 
 
Figure 6.4. Volume of pond water able to be treated by varying masses of media to multiple 
removal efficiencies when the initial orthophosphate concentration is 1.0 mg∙L
-1
and a 1 hr 
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To use these graphs (Figure 6.1; Figure 6.2; Figure 6.3; Figure 6.4) to find out when the 
adsorption capabilities of the media have reached the capacity to a certain orthophosphate 
removal fraction, an example problem is given in section 6.4.  
6.4 Example Problem 
 
A baffle box containing 1,000,000 g of BAM should theoretically be able to hold 0.2664 m
3
 of 
water at a time calculated using density and porosity found in Table 4.4. 
  Vol= (mass)*(density)*(porosity)       (23) 
  Vol= (1,000,000 g)*(
  
       
)*(
      
         
)*(0.3696)= 0.2664 m
3
   (24) 
  Vol= (0.2664 m3)*( 
      
  
) = 266.4 L       (25) 
If the target residence time in the baffle box is 1 hour, then the flow rate of the pump should be 
set at 266.4 L/hr. 
  Q= 266.4 L∙hr
-1
 
With a pump flow of 266.4 L∙hr
-1
 yielding a 1 hour residence time and treating pond water with 
an influent concentration of 1 mg∙L
-1
 then Figure 6.4 is used for calculation. If 30% 
orthophosphate reduction is the target removal treatment, then finding the volume of water able 
to be treated to this extent is derived from Figure 6.4 using the 30% removal curve with 
1,000,000 g of BAM relates to 50,247 L able to be treated. Because the flow rate of the baffle 
box was determined, the time at which 30% removal treatment is achieved is found below:  
Life expectancy = (Vol of water able to be treated from Figure 6.4)*(1/Flow rate)  (26) 
Life expectancy = (50,247 L)*(
    
       




6.5 Final Remarks  
  
 Previous chapters calculated the maximum equilibrium adsorption, q (mg∙g
-1
)), of BAM.  
In order to calculate the life expectancy of the media, or time until a certain volume of water is 
treated to a specific extent, the usage rate of the media may be determined using these values 
found in chapter 4 and 5.  The usage rate incorporates the target effluent concentration one may 
use to treat the water to a certain extent.  Using this calculated rate (Table 6.2) the volume of 
water able to be treated may be determined based on the mass of BAM being used.  Based on the 
influent water characteristics and the mass of media, the volume of water able to be treated is 
known. This volume of water treated is multiplied by the inverse of the flow rate to find the life 
expectancy of that media until replacement. 
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Adsorption is the increase in concentration of a particular component at the surface or interface 
between two phases. The atoms at the surface are subject to unbalances forces of attraction and 
extensions acting within the body of the material. Isotherm shapes were the basis for 
interpretation of classical breakthrough curves by the use of fixed-bed column models. The 
experimental adsorption data can be fitted using established models to determine their 
appropriate parameters necessary to optimize the adsorption process in application.  
The linearized forms of the Langmuir and Freundlich isotherms are as below: 
Langmuir isotherm equation: (1/q) = (1/(qmaxKads)) * (1/C) + (1/qmax)          (28) 
Freundlich isotherm equation: log q = log K + (1/n) log C                                (29) 
where: q = Sorbed concentration [mass adsorbate/mass adsorbent]; qmax = Maximum 
capacity of adsorbent for adsorbate [mass adsorbate/mass adsorbent]; Kads = Measure of affinity 
of adsorbate for adsorbent; K = Capacity adsorbent [mass adsorbate/mass adsorbent]; C = 
Aqueous concentration of adsorbate [mass/volume]; n = Measure of how affinity for the 













It is very important to understand the physical properties (i.e. density, specific gravity, void ratio, 
porosity, and surface area) of the media mixtures.  ASTM (D854-92) Standard Test Method for 
Specific Gravity of Soils will be applied for the determination of the specific gravity of soils and 
media conducted with 5 replicates. The ASTM C29 standard was used to determine the Bulk 
Density (unit weight) and voids in aggregate of the coarse aggregate media mix that is relatively 
compacted.  This characterization is absolutely necessary for determining the mass/volume 
relationship of this media and proportioning of the mixtures.  This bulk density reading was 
acquired by calculations in the laboratory experiment based on the aggregates under the dry 
condition.  ASTM-C29 points out that most aggregates in stockpiles or hauling units contain 
absorbed or surface moisture, so the readings taken for this test are nominal conditions set to a 
standards and may vary under conditions in the field.   
 
The dry bulk density of the media is the mass of the media particles (dry mass) divides by the 
volume of the sample 
      ρb = 
  
 
               (30) 
 
Where  
  Ws is the mass of soil particles 
  V is the volume of the sample  
 
  
Porosity: percent of void space 
                 (
  
 
)        (31) 
Where   
  n is porosity 
     is volume of void space (L
3
) 




Void Ratio is the ratio of the volume of the voids to the volume of the solids. This is closely 




                   (
  
  
)           (32) 
 
Where  
  e is the void ratio (dimensionless)  




Porosity and void ratio are closely related if expressed in a ratio: 
         
 
   
     (33) 
 
         
 
   
      (34) 
 
 
 To find surface area, the Multipoint Brunaruer, Emmett and Teller (BET) specific surface 
area by nitrogen adsorption method will be used. It will be conducted with respect to each type 
of recipe independently and performed by Quantachrome Instruments, which generated the 











  The Thomas model is an equation frequently used to estimate the adsorption capacity 
assuming second order reversible reaction kinetics and the Langmuir Isotherm (Xu et al., 2013). 
The process of sorption from water onto a fixed bed is an unsteady state process where the 
concentration adsorbed is both a function of time and location in the bed (Wolborska, 1999).  
Used to predict the breakthrough curves for adsorption and ion exchange, a methodology is used 
to predict the adsorbent capacity and breakthrough curves where external and internal diffusion 
resistances are very minor. The formula is given in both linear and non-linear forms (equations 
18, 19).  
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         (35) 
 
Non-linear Form:      (
  
  
  )   
     
 
 
     
 
        (36) 
Where:  
 Ce=Effluent Concentration (mg∙mL
-1
) 
 Co =Influent Concentration (mg∙mL
-1
) 





 qo =equilibrium media uptake (mg∙g
-1
) (when Ce=Co) 
 m=Total media mass in the column (g)  
 Q= Volumetric flow rate (mL∙min
-1
)  
 V= Throughput volume (mL)  
 
When the input parameters m, Q, V, Ce, and Co are known from the column tests, the rate 
constant KT and q0 are derived by plotting ln[(Ce/C0) -1] vs. t.  This allows the calculation of qo 
and KT through the equation expressed as:  
               (
  
  





=KTCe and t1=qom/(QCe). Lin et al. (2002) presented a general version of equation 17 
as: 
            (
  
  
  )             
    ∑    
 
        (38) 
 
 
 Given this model, the laboratory column tests to predict the breakthrough curve for 
adsorption and ion exchange, as well as observe biological N removal, were conducted by 
loading 3 columns with media mixture that has been oven dried to ensure there is no biological 
activity established that may interfere.  Influent concentrations of the adsorbent were prepared by 
spiking distilled water from an orthophosphate stock solution.  The values of qo and KT were be 
found by plotting the graph of ln(Co/Ce-1) vs. time (min) until any of the samples reached a 
Ce/Co ratio equal to 0.8 or greater and solving for the variables.  The regression equation was be 
calculated where y=log(Co/Ce-1) and x=kCoV/Q. 
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Plot of y vs. time for use in the statistical analysis where y= ln(
  
  
 – 1) then fitted to the 
linear model used for ANOVA between the influent concentration, 0.5 mg∙L
-1












). The report was generated with R (3.0.2) and pander (0.3.8) on x86_64-w64-
mingw32 platform. 
  P value 
Intercept 0.8898 
Slope 1.461e-13 






Plot of y vs. time for use in the statistical analysis where y= ln(
  
  
 – 1) then fitted to the 





Statistical Analysis Summary Comparing the Slope and Intercept of the Column 
Breakthrough Curves for an Initial Concentrations of 0.5 mg∙L
-1
 vs. 1.0 mg∙L
-1
. The report 
was generated with R (3.0.2) and pander (0.3.8) on x86_64-w64-mingw32 platform. 
 
 P (value) 
Intercept 0.001161 
Slope 0.08969 







Plot of y vs. time for use in the statistical analysis where y= ln(
  
  
 – 1) then fitted to the 
linear model used for ANOVA between the water type used, distilled vs. pond.  
 
 
Statistical Analysis Summary Comparing Effects of the Water Type Used (Pond vs. 
Distilled). The report was generated with R (3.0.2) and pander (0.3.8) on x86_64-w64-
mingw32 platform. 
  P value 
Intercept 0.2315 
Slope 1.954e-13 









Volume of distilled water able to be treated by varying masses of media to multiple 
removal efficiencies when the initial orthophosphate concentration is 1.0 mg∙L
-1
 and an 18 
retention time. This graph was generated based on the results found in Chapter 4. 
    Volume of Water Treated (L) to % Removal:     
Media Used 
(g)  
30% 40% 50% 60% 70% 80% 90% 95% 
100,000 124 93.0 74.4 62.0 53.1 46.5 41.3 39.2 
200,000 248 186.0 148.8 124.0 106.3 93.0 82.7 78.3 
300,000 372 279.0 223.2 186.0 159.4 139.5 124.0 117.5 
400,000 496 372.0 297.6 248.0 212.6 186.0 165.3 156.6 
500,000 620 465.0 372.0 310.0 265.7 232.5 206.7 195.8 
600,000 744 558.0 446.4 372.0 318.9 279.0 248.0 234.9 
700,000 868 651.0 520.8 434.0 372.0 325.5 289.3 274.1 
800,000 992 744.0 595.2 496.0 425.1 372.0 330.7 313.3 
900,000 1116 837.0 669.6 558.0 478.3 418.5 372.0 352.4 
1,000,000 1240 930.0 744.0 620.0 531.4 465.0 413.3 391.6 
2,000,000 2480 1860.0 1488.0 1240.0 1062.9 930.0 826.7 783.2 
 
Volume of distilled water able to be treated by varying masses of media to multiple 
removal efficiencies when the initial orthophosphate concentration is 0.5 mg∙L
-1
 and an 18 
retention time. This graph was generated based on the results found in Chapter 4. 
    Volume of Water Treated (L) to % Removal:     
Media Used 
(g)  
30% 40% 50% 60% 70% 80% 90% 95% 
100,000 47.7 35.8 28.6 23.8 20.4 17.9 15.9 15.1 
200,000 95.3 71.5 57.2 47.7 40.9 35.8 31.8 30.1 
300,000 143.0 107.3 85.8 71.5 61.3 53.6 47.7 45.2 
400,000 190.7 143.0 114.4 95.3 81.7 71.5 63.6 60.2 
500,000 238.3 178.8 143.0 119.2 102.1 89.4 79.4 75.3 
600,000 286.0 214.5 171.6 143.0 122.6 107.3 95.3 90.3 
700,000 333.7 250.3 200.2 166.8 143.0 125.1 111.2 105.4 
800,000 381.3 286.0 228.8 190.7 163.4 143.0 127.1 120.4 
900,000 429.0 321.8 257.4 214.5 183.9 160.9 143.0 135.5 
1,000,000 476.7 357.5 286.0 238.3 204.3 178.8 158.9 150.5 







Volume of distilled water able to be treated by varying masses of media to multiple 
removal efficiencies when the initial orthophosphate concentration is 1.0 mg∙L
-1
 and a 1 hr 
retention time. This graph was generated based on the results found in Chapter 4. 
    Volume of Water Treated (L) to % Removal:     
Media Used (g)  30% 40% 50% 60% 70% 80% 90% 95% 
100,000 178.0 133.5 106.8 89.0 76.3 66.8 59.3 56.2 
200,000 356.0 267.0 213.6 178.0 152.6 133.5 118.7 112.4 
300,000 534.0 400.5 320.4 267.0 228.9 200.3 178.0 168.6 
400,000 712.0 534.0 427.2 356.0 305.1 267.0 237.3 224.8 
500,000 890.0 667.5 534.0 445.0 381.4 333.8 296.7 281.1 
600,000 1068.0 801.0 640.8 534.0 457.7 400.5 356.0 337.3 
700,000 1246.0 934.5 747.6 623.0 534.0 467.3 415.3 393.5 
800,000 1424.0 1068.0 854.4 712.0 610.3 534.0 474.7 449.7 
900,000 1602.0 1201.5 961.2 801.0 686.6 600.8 534.0 505.9 
1,000,000 1780.0 1335.0 1068.0 890.0 762.9 667.5 593.3 562.1 
2,000,000 3560.0 2670.0 2136.0 1780.0 1525.7 1335.0 1186.7 1124.2 
 
Volume of pond water able to be treated by varying masses of media to multiple removal 
efficiencies when the initial orthophosphate concentration is 1.0 mg∙L
-1
 and a 1 hr retention 
time. This graph was generated based on the results found in Chapter 5. 
    Volume of Water Treated (L) to % Removal:     
Media Used (g)  30% 40% 50% 60% 70% 80% 90% 95% 
100,000 5024.7 3768.5 3014.8 2512.3 2153.4 1884.3 1674.9 1586.7 
200,000 10049.3 7537.0 6029.6 5024.7 4306.9 3768.5 3349.8 3173.5 
300,000 15074.0 11305.5 9044.4 7537.0 6460.3 5652.8 5024.7 4760.2 
400,000 20098.7 15074.0 12059.2 10049.3 8613.7 7537.0 6699.6 6346.9 
500,000 25123.3 18842.5 15074.0 12561.7 10767.1 9421.3 8374.4 7933.7 
600,000 30148.0 22611.0 18088.8 15074.0 12920.6 11305.5 10049.3 9520.4 
700,000 35172.7 26379.5 21103.6 17586.3 15074.0 13189.8 11724.2 11107.2 
800,000 40197.3 30148.0 24118.4 20098.7 17227.4 15074.0 13399.1 12693.9 
900,000 45222.0 33916.5 27133.2 22611.0 19380.9 16958.3 15074.0 14280.6 
1,000,000 50246.7 37685.0 30148.0 25123.3 21534.3 18842.5 16748.9 15867.4 
2,000,000 100493 75370.0 60296.0 50246.7 43068.6 37685.0 33497.8 31734.7 
 
 
